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ABSTRACT 


Blectroc  temperatures  have  been  evaluated  using  the 
x-^ray  emissicn  from  plasmas  created  by  irradiating  a  solid 
Aluiiinum  target  with  a  500MW,  25nsec  Nd  laser.  Studies  of 
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the  x-ray  eaissioc  from  the  plasma  at  5x10  W/cm  using  the 

two  foil  atscrpticD  method  indicated  temperatures  ranging 
frcm  136  to  ISSeV.  No  suprathermal  activity  was  detected  for 
the  foil  coisbinaticns  used.  Temperature  was  related  to  laser 
flux  density  by  the  scaling  factor  C.404.  Observed 
temperature  remained  constant  for  cratering  with  up  to  25 
laser  pulses  fccused  at  the  same  spct.  Preliuinary 

measurements  indicated  x-ray  intensity  was  proportional  to 

P  over  the  range  10  to  300  micrcns. 

Initial  work  was  completed  on  a  vacuum  photodiode 
useful  fcr  high  resolution  photon  detection  in  the  soft 
x-ray  regicn  of  the  spectrum. 
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I.  INTBODOCTION 


Continued  iaiprovements  in  the  energy  output  and  control 
of  pulsed  laser  systems  has  stimulated  intensive  theoretical 
and  experimertal  interest  in  their  use  for  the  production 
and  study  cf  hot,  dense  microplasmas.  Of  the  many  areas  of 
research  invclving  hct  plasmas,  the  best  known  is  the 
possibility  cf  achieving  controlled  thermonuclear  fusion  by 
means  of  laser  heated  plasmas.  The  temporal  and  spectral 
emission  distribution  of  soft  x-rays  from  such  plasmas, 
while  constituting  an  energy  loss  mechanism  in  fusion-type 
experiments,  can  he  used  as  a  powerful  tocl  in  the  study  of 
plasma  electron  temperature,  energy  distribution  of 
electrons  and  the  development  and  origin  of  various 
instabilities.  Fusion  studies  are  directed  towards  laser 
heating  cf  lew  nuclear  charge(Z)  fusionable  materials.  By 
using  high  Z  materials  such  as  Aluminum,  the  emitted  x-rays 
become  a  scurce  for  irradiation  and  for  determination  of 
energetic  atciiic  levels. 

When  a  laser  pulse  of  sufficient  energy  density  and 
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duration  (>1C  H/cm  )£1]  strikes  a  solid  opague  target,  laser 
light  is  ahsorbed  and  blowoff  material  is  removed  frem  the 
target  surface.  The  material  removed  consists  of  both 
neutral  particles  and  charged  particles  (electrons  and  ions) 
which,  when  considered  as  a  dense  cloud  cf  guasi-neutral 
interacting  icnized  gas,  is  defined  as  a  plasma.  Further 
heating  takes  place  by  absorption  of  laser  light  in  the 
expanding  plasma.  This  is  accomplished  through  several 
processes  including  the  inverse  Bremsstrahlung  process  which 
involves  ahserptien  of  a  photon  by  a  free  electron  which  is 
raised  tc  a  higher  state  in  the  continuum  available  tc  it. 
In  this  way  plasmas  can  be  readily  heated  tc  temperatures  in 
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excess  of  10  OR  which  corresponds  to  approximately  lOOeV  by 
the  relation^  leV  =  11^600®K. 

Much  of  the  energy  which  has  been  absorbed  bj  the 
plasma  via  the  mechanisms  of  ionizaticn  and  heating, 
prcducticn  cf  fast  particle  groups  and  intense  magnetic 
field  generation  must  subsequently  be  emitted  as  the  laser 
plasma  expanos.  A  limited  portion  of  the  incident  energy 
(usually  <15?)  is  emitted  in  the  form  cf  continuum  radiation 
and  the  characteristic  spectral  lines  cf  the  target 
element’s  highly  ionized  states.  Most  of  the  radiant  energy 
has  short  wavelength  (<100S)  placing  it  in  the  Icosely 
defined  soft  x-ray  range,  and  the  average  energy  cf  the 
phctcns  corresponds  roughly  to  the  electron  energy[2]. 

The  ccrtinuum  portion  of  the  x-ray  emission  is  a  very 
cseful  tccl,  when  coupled  with  foil  absorption  theory,  for 
determination  of  plasma  temperatures  and  anomalous  heating 
effects.  Ite  dependence  of  high-energy  cutoff  on 
temperature  allows  determination  of  the  high-energy 
continuum  wavelength  distribution  and  hence,  a  rather 
sensitive  measurement  of  the  plasma  electron  temperature. 
The  diagnostic  techniques  involved  in  the  deconvolution  of 
plasma  temperatures  from  x-ray  emission  will  be  the  topic  of 
most  of  the  discussion  in  following  sections. 

This  study  is  the  initial  phase  cf  an  NFS  Elasma 
Physics  program  to  establish  a  plasma  x-ray  diagnostic 
facility  capable  of  studying  electron  temperature  behavior 
particularly  in  the  area  of  anomolous  electron  beating. 
More  specifically,  it  encompasses  the  design,  manufacture, 
calibration  and  implementation  of  x-ray  detection  equipment 
which  car  subsequently  be  employed  in  detailed  studies  of 
early  plasma  temperature  characteristics.  In  addition  to 
assembly  cf  experimental  hardware,  this  report  contains  a 
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sunmary  cf  previous  efforts  in  this  area  of  research  and  a 
detailed  description  of  how  temperature  data  is  extracted 
frca  x-ray  information. 
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II.  PREVIOOS  WORK 


X-ray  emissicn  from  a  plasma  was  first  observed  in  1930 
by  several  research  teams[3],  but  the  first  attempt  to  put 
the  discovery  to  use  in  the  evaluation  of  plasma  parameters 
such  as  density  and  temperature  was  not  until  1936[4]. 
X-ray  experimentation  was  restricted,  however,  by  weak,  low 
temperature  spectra  contaminated  by  impurities.  These 
ccnditicES  existed  until  the  early  1960*s  when  the  advent  of 
high  power  short  pulse  lasers  provided  a  convenient  source 
for  vacuum  ultraviolet  and  soft  x-radiaticn  by  irradiation 
of  targets.  Kuch  of  the  ensuing  research  in  the  field  has 
teen  devoted  tc  improving  x-ray  emission  quality  and 
quantity,  refining  diagnostic  techniques  to  obtain  accurate 
plasma  temperature  evaluations  and  discovering  the  existence 
and  origin  cl  instabilities. 

Two  such  early  studies,  unrelated  to  laser  work,  are 
considered  the  foundation  of  much  of  current  developments. 
The  first  is  a  paper  by  Jahoda[5]  in  1960  concerning  the 
continuum  radiation  in  the  x-ray  and  visible  regions  from  a 
Theta-Pinch  (Scylla)  plasma.  This  was  the  first  electron 
temperature  measurement  using  the  two  foil  absorption 
technique.  This  technique  involves  measurements  of  the 
continuum  radiation  passing  through  broadband  filters 
constructed  from,  thin  metallic  foils.  A  comparison  of  the 
intensities  transmitted  through  foils  of  various  materials 
and  various  thicknesses  determines  the  wavelength 
distribution  of  the  continuum  intensity  and,  thereby,  the 
electron  temperature.  Considerable  data  was  compiled 
relating  tc  the  x-ray  absorption  characteristics  of 
Ber ylliu a  (Be)  ,  Alu mi num  (Al)  ,  Nickel  (Ni)  and  Carbon  (C)  whose 
mass  absorption  coefficients  as  functions  of  wavelength  are 
shown  in  figure  1.  These  absorption  measurements  yielded 
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informaticE  ahcut  the  spectrum  of  incident  x-rays  by  the 
shape  of  the  plct  cf  transmitted  intensity  versus  absorber 
thickness.  Ihe  techniques  and  data  continue  to  be  cf  use  to 
present  day  experimentalists. 

The  second  significant  accomplishment  came  in  the  form 
cf  two  Naval  Research  Laboratory  (NEL)  reports  by  Elton[6,7]. 
These  reports  presented  the  calculations  of  the  wavelength 
distribution  cf  B remsst rahlung  continuum  radiation  per  unit 
wavelength  interval  in  the  soft  x-ray  spectral  region 
transmitted  through  various  metallic  filters.  Also 
calculated  were  the  total  integrated  Bremsstrahlung 
radiation  passing  through  absorbing  foils  cf  Be,  Al^  Ki  and 
C  (and  foil  combinations)  for  temperatures  varying  frcm  50 
eV  to  lOCkeV.  This  information  is  vital  in  obtaining  values 
for  the  electron  temperature  in  a  plasma  from  measurements 
of  the  scft  x-ray  continuum  emission. 

The  foil  absorption  technique  is  still  the  most  widely 
used  in  temperature  determination,  but  an  extension  cf  it 
called  the  Bess  Filter  was  suggested  by  Van  Paassen[£]  in 
15*71  for  Z-pinch  devices  and  by  Bernstein[9]  in  1972  for 
plasma  fccus  devices.  The  Ross  filter  is  ideally  suited  to 
plasma  devices  which  exhibit  random  variations  in  intensity, 
spatial  dis tributiens  and  spectral  shape  from  pulse  to 
pulse.  It  ccEsists  of  two  identical  detectors  placed  behind 
twe  x-ray  absorbing  foils  made  from  adjacent  elements  cn  the 
periodic  chart.  Thicknesses  of  the  foils  are  adjusted  to 
achieve  matched  transmission  for  all  x-ray  energies  except 
the  range  between  the  K  edges.  This  produces  an 
experimental  x-ray  spectrum  directly  and  avoids  having  to 
fit  trarsmission  measurements  with  theoretical  transmission 
values  for  an  assumed  model.  The  highest  K-edge  available 
is  that  cf  Uranium  at  116  KeV,  which  places  an  upper  limit 
on  the  energy  range  for  the  Ross  filter  system.  Lower 
limits  are  determined  by  the  difficulty  in  making  uniform 
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fcils  c£  filter  elements  that  will  transmit  measureable 
amounts  cf  i-radiation.  Jchnson[10]  designed  a  15  channel 
Hess  filter  sjstem  which  considerably  reduced  data  reduction 
time  and  produced  a  ten  point  energy  spectrum  ranging  from 
4.5  to  1163(e^  for  each  x-ray  pulse. 

Much  cf  the  early  study  of  laser  plasma  electron 
temperatures  was  directed  towards  confirmation  that 
reasonably  accurate  temperatures  could  indeed  be  estimated 
frea  x-ray  irtensity  emission.  Targets  for  the  laser  pulses 
were  low  z  materials  such  as  Deuterium  and  Lithium  which 
were  used  in  nuclear  fusion  research.  X-ray  intensities 
were  detected  by  scintillator- photomultiplier  combinations 
placed  tehind  metal  absorption  filters.  This  form  of 
detection  allows  goed  time  resolution  (<10nsec)  when  x-ray 
intensities  are  large.  Response  of  the  scintillatcr  is 
linear  ever  a  wide  wavelength  range  whose  lower  limit  is 
approximately  65.  Output  of  the  photomultiplier  is  directly 
prcpcrticnal  to  the  x-ray  flux  passing  through  the  metal 
foil. 


One  cf  the  first  extensions  of  the  x-ray  temperature 
measuring  technique  was  to  demonstrate  the  relationship 
between  electron  temperature  and  laser  power  incident  cn  the 
target,  0  .  farly  models  based  on  a  one  dimensional  flow 
approximaticc  involved  the  laser  pulse  duration,  t,  as  shown 
in  relation  1, 


T  oc 
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(1) 


This  model  is  non-s tationary  in  that  temperature  increases 
with  time  as  the  plasma  flows  towards  the  incoming  laser 
light.  It  is  unrealistic  for  long  duration  pulses  because  of 
the  radial  expansion  of  the  plasma  and  subsequent  decrease 
of  absorptivity. 
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A  acre  acceptable  model  was  proposed  by  Bobin[ 1 1  ]  and 
ethers,  fer  steady  state  situations  where  the  laser  pulse 
duration  is  longer  than  the  heating  time  of  the  plasma 
(heating  tiae  is  of  the  order  of  r/v  where  r  is  focal  spot 
size  and  v  is  thermal  flow  velocity) .  The  resulting  scaling 
law  is  shewn  in  relation  2, 


T  <r 
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4/9  2/9 

r 


(2) 


where  the  cerstant  cf  proportionality  depends  on  the  plasma 
abscrpticE  coefficient, 

A  simple  limiting  case  of  relation  2  assumes  that 

heating  is  localized  to  a  plane  of  critical  density  and  the 

calculated  plasma  temperature  is  independent  of  assumptions 

about  the  flew  geometry.  T  becomes  dependent  on  the  two 

e 

thirds  power  cf  laser  flux  density  which  is  useful  in 
shewing  the  general  distribution  of  energy  in  the  spectrum. 

When  it  became  apparent  that  laser  x-ray  spectroscopy 
had  established  itself  as  a  reliable  diagnostic  method  for 
fusion  research,  higher  Z  materials  were  substituted  fer  the 
traditional  Eeuterium  and  Lithium-  The  new  materials  such 
as  Aluminum,  fiagnesium  and  Iron  had  a  much  higher  x-ray  flux 
density  and  offered  the  unique  advantage  that  the  ionization 
stages  produced  by  the  laser  beam  were  already  a  reasonably 
good  indicator  cf  the  electron  temperatures  reached  in  the 
plasma.  This  spurred  interest  in  laser-energy  to  x-ray 
conversion  efficiency  led  to  a  paper  by  i!allc2zi[  1 2  ] 
describing  laser-generated  plasmas  as  a  source  of  x-rays  for 
medical  applications.  In  an  effort  to  produce  high 
resolution  medical  radiographs,  x-ray  conversion 

efficiercies  cf  greater  than  2595  were  reported  for  Nd  laser 
light  focused  onto  solid  iron  and  copper  targets.  The 
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technique  lias  to  vaporize  and  ionize  material  near  the  fecal 

11  2 

spet  ty  a  prepulse  (1J,  lOnsec^lO  W/cm  )  and  heat  the 

14  2 

resulting  pJasma  by  a  main  pulse  (100J,  lOnsec,  10  ^/cm  ) 

via  the  inverse  Bremsstrahlung  afasorpticn  process.  For 

medical  radiographs  of  thin  samples,  the  x^^rays  in  the 
vicinity  cf  IkeV,  iihich  comprise  the  bulk  cf  the  eaitted 
spectrum,  would  te  employed.  For  thicker  samples  to  be 
studied,  the  harder  (though  sparser)  2  to  20keV  range  would 
be  useful.  Ihe  laser  source  with  its  short  pulse  width 
would  match  the  resolution  of  conventional  sources  while 
having  the  CDigue  capability  of  arresting  biological  iicticn 
that  might  occur  with  living  samples  being  photographed. 
Conversion  efficiencies  in  excess  of  5095  have  been  shewn  to 
be  theoretically  possible  if  the  plasma  can  convert  a 
significant  fracrion  of  laser  energy  to  x-rays  in  less  than 
Insec  so  that  little  energy  will  be  available  to  generate 
strong  magnetohydrodynamic  motion[13].  Mallczzi's 

experiment  was  significant  in  the  field  of  plasma 
temperature  diagnostics  in  that  he  developed  an  x-ray  pipe, 
similar  tc  a  light  pipe,  capable  of  channelling  soft  x-rays 
tc  internal  locations  of  the  body  without  damaging 
intervening  tissue.  The  device  enhanced  x-radiation 
delivered  on  a  line-of-sight  path  by  a  factor  of  32.  Curved 
tube  enhancement  was  about  8  times.  These  experiments  lead 
tc  a  class  of  x-ray  pipe  devices  for  enhancing  the 
depcsiticn  cf  plasma  radiation  cn  photographic  film.  Of 
particular  interest  is  an  experiment  by  LieberC14]  who  has 
nsed  micrc-channel  plate(ac?)  for  collimating  soft  x-ray 
images  emitted  by  laser  plasmas,  thus  significantly 
increasing  spatial  resolution.  While  the  extremely  simple 
pinhole  camera  is  still  the  most  popular  for  spatial 
rescluticE,  ccllimating  devices  are  gaining  in  popularity 
especially  in  areas  where  x-ray  flux  densities  are  very 
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littited  laser,  target  or  eDvironmental  ccnsideratiors . 

Solid  state  detectors  for  temporal  resclution  came  into 
use  «ith  the  Bess  filter  systemsC 8 , 1 0 ]  because  of  their  fast 
response  time,  lo«  voltage  reguireoents  and  ease  of 
situating  large  numbers  of  detectors  in  confined  spaces. 
The  silicon  surface  barrier  detector  and  the  diffused 
junction  detector  are  available  for  x-ray  detection  liith  the 
latter  silicen  PIN  diode  being  the  mest  popular  because  of 
its  greater  sensitivity  to  high  energy  x-ray  photens  (>1 
keV)  .  BIN  diodes  consist  of  an  entrance  window  dead  layer 
of  0.3  tc  1.C  micrcns(N),  an  active (depleticn)  layer  cf  75 
to  500  licrcns  (I)  and  a  positive  silicon  layer (P).  Upper 
and  lower  energy  detection  limitations  are  determined  by  the 
thicknesses  cf  the  active  layer  and  dead  layer  respectively. 
Per  prcdccticn  of  one  electrcn-hole  pair  in  silicen  an 
energy  cf  cnly  3.6  eV  is  needed  so  that  a  linear  response 
can  be  expected  in  the  soft  x-ray  regicn[15].  Surface 
barrier  detectors  ought  to  be  more  sensitive  to  low  energy 
x-rays  than  BIN  diodes  because  of  their  negligible  dead 
layers.  However,  even  the  thinnest  K-edge  absorption 
filters  are  toe  thick  to  allow  exploitation  of  this 
potential  advantage. 

X-ray  diagnostics  could  be  very  useful  in  the  study  of 
laser  ccnpression  fusion,  where  the  time  response  cf  plasma 
parameters  tc  shaped  laser  pulses  has  a  subnancsecond 
rescluticD  scale,  if  a  suitable  detector  were  available. 
Kej[  16]  ccnstructed  such  a  detector  in  the  ferm  of  an  x-ray 
vacuum  phetediode  capable  cf  a  resolution  of  l.Onsec 
ccapared  to  scintillator-photomultiplier  cr  semiconductor 
diede  resolution  times  of  2  to  5nsec.  The  vacuum  diede  was 
cylindrical  with  a  central  anode  biased  at  3000V  surrounded 
by  a  cathode  and  the  intervening  space  evacuated  tc  chaniber 

-  5 

pressure {10  lorr) .  One  end  cf  the  cylindrical  structure 
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was  covered  with  the  absorption  foil  while  the  signal  and 

high  voltage  leads  were  connected  to  the  other  end.  Several 
layers  of  BF  screen  and  insulation  completed  the 
superstrrctnre.  The  diode  had  an  absolute  quantum  efficiency 
of  30X  and  a  response  time  of  I.Onsec.  Following  the  basic 
design  cited  by  Key^  a  similar  type  diode  will  be 
ccDStructed  as  part  of  the  NFS  diagnostic  program. 

Assuiiing  a  Maxwellian  velocity  distribution^  radiation 
frcii  a  plasma  is  thermal  in  nature  resulting  from 
Er emsstrahlu tg  and  recombination.  There  is,  however,  a 
peculiarity  cf  plasma  x-radiation  demonstrated  by  the 
phenoaencn  of  supratherial  electrons  which  creates  abnormal 
spikes  in  the  x-ray  emission  spectrum[ 17  ] .  The  non-thermal 
radiation  from  a  ^plasma  brought  about  by  these  fast 
electrons  causes  deviation  from  electron  temperatures 
calculated  under  the  assumption  of  a  Maxwellian  velocity 
distribution.  Figure  2  shows  the  x-ray  intensities  passing 
through  Beryllium  and  Aluminum  foils  of  different 
thicknesses.  The  two  solid  lines  indicate  temperatures  of 
2keV  and  O.SkeV  calculated  by  assuming  a  Maxwellian 
distribution.  They  are  straight  lines  on  a  semi-log  plot 
with  a  negative  slcpe  as  predicted  by  theory.  The  curve  of 
measured  values  indicates,  not  a  single  temperature,  but 
tea perat uies  varying  from  SOOeV  to  approximately  2keV 
(extrapolated  to  an  extreme  point  on  the  graph) .  This  means 

5 

that  the  i-ray  emission  is  enhanced  up  to  a  factor  of  10  at 

the  high  energy  end  of  the  measured  interval  (15keV).  If 
the  laser  energy  is  lower,  the  calculated  curve  is  shifted 
to  the  left  and  long  wavelength  x-radiation  can  no  longer 
penetrate  the  thinnest  foils.  The  enhancement  effect  then 
doainares  tie  entire  measuring  range  and  simulates  toe  high 
temperatures[  16  ].  Thus  anomalous  temperatures  from  x-ray 
measurements  can  be  used  as  an  indication  cf  the  existence 
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cf  supratheraal  electrons. 


Suprather lal  electrons  were  noticed  in  experimerts  as 
early  as  1S66[19]  and  have  been  attributed  to  several 
possible  causes  including  gro wing-mcde  or  oscillaticg  two 
stream  irstafcilit y[ 20  ],  core-corona  decoupling[ 21  ]  and 
parametric  interaction  between  plasma  and  light  (parametric 
ion-acoustic  instabilities) [ 17, 18 ,22-24 ].  Although  the 
mechanisff  fcr  production  of  suprathermal  electrons  is  not 
fully  understood,  it  is  widely  believed  that  the  cause 
originates  in  the  ion-acoustic  instability. 

The  ion-acoustic  instability  is  initiated  as  ions  form 
a  uniform  background  for  electrons  oscillating  coherently 
and  colliding  in  the  local  light  field.  As  the  electron  and 
ion  fluids. are  heated,  they  begin  to  oscillate  independently 
in  the  absence  of  external  fields.  Ions  oscillate  at  the 
ion-acoustic  frequency  and  electrons  oscillate  at  the 
electron  plasma  frequency.  The  strong  electromagnetic  field 
of  the  laser  beam  couples  the  two  oscillations  by  means  of 
the  space  charges  which  are  created.  In  the  neighborhood  of 
the  plasma  frequency,  ion  and  electron  fluctuations  of 
suitable  wavelengths  may  be  driven  unstable.  This  results 
in  the  distortion  of  the  Maxwellian  electron  distribution 
and  the  generation  of  groups  cf  fast  particles  (suprathermal 
electrons) .  The  energy  of  the  unstable  waves  is  then 
converted  into  thermal  energy  by  collisioral  and  landau 
damping[  16 ] . 

NishikawaC 19 ]  established  the  basic  formulaticr  for 
determining  the  onset  of  parametric  instabilities.  Ee  was 
able  to  derive  simple  model  equations  for  the  coupling  of 
two  waves  due  to  the  presence  of  a  third  wave  with  large 
amplitude.  Rhen  certain  plasma  parameters  are  known,  the 
equations  are  able  to  predict  an  approximate  value  fcr  the 
power  density  necessary  to  perturb  the  plasma  to  an  unstable 
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2  1  -a 

ccEdition.  For  a  Nd  laser  with  plasma  density  10  cm  ,  and 
electron  temperature  150eV,  the  threshold  laser  power 

13  2 

density  is  approximately  1.5x10  W/cm  . 

At  the  NPS  Plasma  Physics  facility,  acKee[25], 
determined  theoretically  the  relationship  between  laser  flux 
and  plasma  temperature  by  using  a  computer  code  tc  solve 
numerically  equations  4.49  and  4.51  of  reference  1  for 
irradiation  cf  a  5  mil  thick  mylar  foil  with  a  300111W,  25nsec 
full  width  at  half  maximum  (FHHM)  Nd  laser  pulse.  The 
maximum  temperature  obtained  was  approximately  lOOeV  which 
occurred  several  nanoseconds  after  arrival  of  the  maximum 
laser  intensity  ar  the  target.  The  model  used  did  not 
include  the  effects  of  background  pressure  which  influences 
the  plasma  expansicn  dynamics.  This  is  a  result  of  incident 
laser  energy  ionizing  the  ambient  gas  background  creating  a 
plasma-plasma  imteraction. 

A  ccntinuaticn  of  McKee's  work  by  Eird[26]  with  an 
emphasis  cn  expansion  of  the  plasma  into  various  background 
pressures  shewed  the  development  of  reverse  magnetic  fields 
attributed  tc  the  creation  of  an  axial  electron  temperature 
gradient  at  the  plasma  front  due  to  snowplowing  cf  the 
ambient  plasma.  The  magnetic  field  was  predicted  to  scale  as 
the  cute  root  cf  the  ambient  plasma  density. 

An  attempt  will  be  made  in  this  study  tc  experimentally 
cerfirm  the  maximum  temperature/laser  pulse  relationship 
predicted  by  McKee  and  to  determine  the  scaling  relation 
that  exists  between  the  ambient  background  pressure  and  the 
x-ray  intensity  emitted  from  the  plasma. 
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III.  THEORY 


A.  LASER  EMEHGY  AESOBPTION 

An  intense  laser  light  pulse  incident  on  a  target 
couples  with  the  target  material.  If  the  target  is 
sufficiently  opaque  then  it  can  be  assumed  there  is  no 
transmission.  All  of  the  energy  is  either  absorbed  or 
reflected  where  reflection  is  initially  governed  by  optical 
reflectivity.  Absorption  occurs  through  a  coupling  of  light 
with  the  target  material.  Photon  energy  is  converted  into 
thermal  and  mechanical  energy  and  the  plasma  is  initiated. 

Free  electrons  are  initially  produced  by  an  as  yet 
unknown  mechanism.  Since  the  laser  light  photon  energy 
(h^=1.17e^  for  Nd  laser)  is  less  than  the  ionization  energy 

+ 

of  the  atoms  (5.98eV  for  Al  ),  direct  photoionizatioc  cannot 
occur  and  ether  possible  mechanisms  have  teen  suggested: 
multiphotcn  icnization  (absorption  of  6  photons  in  this 
case)  ,  stimulated  Raman  effect,  easily  ionized  impurities^ 
surface  effects,  or  ionization  due  to  scattered  ultraviolet 
light  frcii  tte  laser  flash  lamps.  The  absorption  process  is 
thus  divided  into  two  stages,  the  production  of  the  initial 
ionization  and  the  subsequent  cascade  by  which  the 
ionization  grows.  The  avalanche  process  in  which  a  single 
light  quantum  is  absorbed  by  a  free  electron  in  the  field  of 
a  heavy  icn  cr  atom  (to  conserve  momentum)  is  called  inverse 
Eremsst r ahlucg .  This  is  equivalent  to  the  resistive  damping 
of  the  laser  light  wave  due  to  electron-ion  collisions[ 27  ]. 
The  free  electrons  with  increased  energy  ionize  other  atoms 
and  the  target  surface  at  the  focal  spot  is  rapidly 
transformed  into  an  ionized  absorbing  plasma  even  in  the 
initial  stages  of  interaction  when  a  negligible  amount  of 
the  pulse  energy  has  been  delivered. 
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Energy  flux  is  absorbed  in  the  plasma  ever  a  distance  L 
in  accordance  with  the  equation 

B  =  »^{1-exp(-ACL)}  (3) 

where  1^  is  the  incident  laser  energy  flux  and  K  in  inverse 
centimeters  is  the  absorption  coefficient  given  by[  1 ] 


a  3  2  1/2  3 

3,69xlC  (2  n  /T  i;  )  {1-exp  (-hZ//kT  )}  (4) 

e  8 


-3 

n  and  n  are  ion  and  electron  densities  in  cm  in  a  plasma 
i  e 

of  average  charge  Z  and  temperature  T  in  electron  volts,  U 

e 

is  the  laser  frequency,  c  is  the  velocity  of  light,  e  is 

electronic  charge,  a  is  electron  mass,  h  is  Planck’s 
constant  and  k  is  Eoltzmann’s  constant.  The  term 

1-exp  (-hZ//kT  ) 
e 

accounts  for  losses  by  stimulated  emission. 

If  the  plasma  frequency  is  close  to  the  laser  light 
frequency  then  the  classical  absorption  length  of  a  plasma 
is 


18  3/2 

I  =  5x10  T  /n  (5) 

€ 


where  1  is  in  microns.  For  a  plasma  temperature  of  lOOeV 

20  -3 

and  density  10  cm  ,  L  is  50  microns.  Efficient  heating 
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recuires  that  the  plasma  absorbs  light  throughout  its 

characteristic  dimension,  L  .  If  L  is  greater  than  L  then 

P  P 

the  plasaa  teccmes  transparent  to  a  portion  of  the  incident 

laser  light  and  energy  will  be  lost;  if  L  is  much  less  than 

L  then  enregy  is  dumped  mostly  at  the  surface  and  the 
P 

flasma  will  rot  be  heated  uniformly. 

Laser  radiation  cannot  propagate  at  plasma  densities 
higher  than  the  critical  density  defined  as 

2  2 

n  =  mcj  /UTTe  (6) 

c 


where  the  optical  freguency  u  must  be  greater  than  the 

plasma  fieguencv  U  .  For  the  Nd  laser  {X=1.06/im)  the  critcal 
P 

2  1  ^3 

density  cf  the  plasma  is  10  cm  ,  Concentrations  of  free 


electrons  beyond  this  density  will  cause  reflecticns  of 
incident  light.  It  is,  however,  desirable  to  have  a  layer 

cf  electron  density  as  close  as  possible  tc  n  in  order  to 

c 


maximize  the  absorption  coefficient 


Absorbed  energy  goes  primarily  into  electron  kinetic 
energy.  The  time  for  equilibration  transfer  of  absorbed 
energy  from  electrons  to  ions  is  cf  the  orderC 1  ] 

3/2  2 

t  =  252AT  /n  Z  In  A  (7) 

e  e 
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where  T  is  in  ®K  and  n  is  in  cm  .  ln/\  is  approxiaately 


10  for  a  wide  range  of  plasma  parameters  and  A  is  the  atomic 
weight  cf  the  ions.  For  an  Aluminum  plasma  (A=27,  Z=3)  of 

6  2  C  -3 

temperature  lOeV  (T=l. 16x10  ®K)  and  density  10  cm  , 
eguilitraticE  time  is 


.12 

t  =  10  seconds 
e 

The  duration  cf  the  Nd  laser  pulse  is  approximately  SOnsec 
with  a  JiiHH  of  25nsec.  The  plasma,  therefore,  is  beared 
during  the  laser  pulse  of  approximately 


.a 

t  =  5x10  seconds 
P 

and  the  time  for  an  electron  to  relax  to  the  equilibrium 

Maxwellian  distribution  is  short  (t  <<t  ) .  Thus  the  plasma 

e  p 

temperature  and  electron  temperature  are  approximately  equal 

and  most  cf  the  properties  of  the  absorption  and  emission 

can  be  described  by  the  parameter  T  ,  the  electron  kinetic 

e 

temperature.  For  pulses  approaching  picosecond  duration  the 

electron-ion  energy  transfer  process  cannot  be  regarded  as 
instantaneou  s. 

Plasma  motion  after  the  initial  phctcicnizaticn  can  be 
described  by  a  hydrodynamic  flew  in  which  mass,  energy  and 
momentum  are  conserved.  The  various  zones  of  interaction 
illustrated  in  Figure  3  are:  (1)  is  the  laser  light 

absorpticn  zone  with  density  of  the  rapidly  expanding  plasma 
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clcud  increasing  towards  the  highly  absorbing  slab  at  F 
where  election  density  equals  the  critical  density.  New 
material  is  iocized  at  P  to  sustain  the  plasma.  (2)  is  the 
zone  where  the  plasma  density  is  that  of  the  shock 
ccmfressed  sclid  and  heating  is  by  heat  conduction.  The 
pressure  at  P  initiates  a  compression  wave  which  travels 
with  its  shock  front  S  into  the  target  to  conserve  momentum. 
(3)  is  the  undisturbed  solid. 

Free  electrons  in  a  Maxwellian  velocity  distribution 
lose  their  energy  by  inelastic  collisions  with  ions,  X,  of 
positive  charge,  z,  via  ionization  and  excitation, 

e  +  X  — •-  e  +  e  +  X  (ionization)  (8) 
z  z+ 1 


♦ 

e  +  X  — *  e  +  X  (excitation)  (9) 

z  z 

and  bj  the  radiation  processes:  Eremsstrahlung, 

recombination  and  line  transitions. 

€  ■♦•  X  — ►  e  +  X  +  hi;  (Eremsstrahlung)  (10) 

z  z 


e  +  X  — ►  X  +  hi;  (recombination)  (11) 

2^^  z 


* 

X  — ^  X  +  hi;  (line)  (12) 

z  z 


The  inverses  of  these  are  inverse  Eremstrahlung, 
phctoi on  izat ion  and  photo-'excitation[  28  ] .  Consideration  of 
the  three  radiative  processes  shall  be  the  topic  of  the  next 
section. 
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B.  ELASMA  X-BAY  EMISSION 


Enercy  which  has  been  absorbed  by  a  target  must  be 
converted  tc  new  forms  or  emitted  as  electromagnetic 
radiation  sc  that  conservation  laws  will  apply.  Radiation 
from  the  plasma  is  both  continuum  and  line,  and  when  the 
plasma  energy  is  high  enough,  wavelengths  of  interest  fall 
in  the  x-ray  region.  The  term  x-ray,  as  used  here,  refers 
to  the  electromagnetic  spectral  region  where  wavelengths  are 
less  than  lOCS.  Soft  x-rays  with  low  penetrative  power  fall 
in  the  approximate  region  100S  to  lf.  From  Figure  4  this 
can  be  converted  tc  the  energy  band  of  about  lOOeV  to  lOkeV- 

X-rays  generated  in  high-energy  laser  plasmas  have  the 
usual  Eremss trahlurg  and  recombination  continua  of  ionized 
gases  at  lower  energies  and  line  emission  similar  to  the 
type  usually  viewed  in  the  optical  spectrum.  Examination  of 
the  radiative  processes  in  the  x-ray  region  is  therefore  not 
a  new  spectroscopic  technique.  It  is  merely  an  extension  of 
well  known  methods  into  a  high  energy  region  of  the  spectrum 
in  order  to  determine  plasma  properties. 

The  extension  of  diagnostics  for  high  temperature 
plasmas  into  the  x-ray  region  is  essential  for  obtaining 
ccaplete  spectroscopic  information.  This  is  made  apparent 
by  considering  the  wavelength  of  the  maximum  in  the 
intensity  distribution  of  a  Black-Body  radiator.  This  is 
related  to  temperature  by  Wien's  displacement  law 

X  I  =  0.29  [cm  <5K]  (13) 

m 

5  6  7 

At  temperatures  of  10  ,  10  and  10  ®K,  the  radiation 

spectral  intensity  maximum  appears  at  290,  29  and  2.9?, 
clearly  withir  the  defined  soft  x-ray  region  for 
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temperatures  greater  than  10  The  black-body  theory  is 

an  incorrect  assumption  for  a  plasma  since  it  will  radiate 
in  this  lanner  only  for  frequencies  at  which  the  absorption 
lecgth  is  less  than  the  plasma  dimensions[ 1  ] •  The  rate  of 
radiation  would  obey  the  Stef an-Boltzmann  law 

4  2 

E  =  aT  [W/cm  ]  (14) 

-12 

where  <7  is  the  Stef an-Boltzmann  constant  (5.67x10 

2  4  7  1  €  2 

W/cm  OR  ) .  At  a  temperature  of  10  ©K,  E  is  5.67x10  W/cm 

which  is  a  much  larger  amount  of  energy  than  the  plasaa  can 
support.  Badiation  intensities  from  a  plasma  are  much  less 
than  this  fcr  the  temperature  indicated  (i.e.  less  than  the 
incident  laser  energy  density)  but  the  Black-body  theory  is 
useful  in  indicating  the  approximate  spectral  location  of 
the  peak  intensity  regardless  of  its  magnitude.  It  applies 
to  the  optically  thick  situation  where  radiation  frcm  the 
interior  does  not  get  out.  A  better  radiation  model  would 
be  a  Grey  Body  distribution  for  which  the  emissivity  is  much 
less  than  cne  while  the  distribution  retains  the 
characteristic  Black  Body  shape.  This  model  is  valid  fcr  an 
absorption  length  greater  than  or  comparable  with  the  plasma 
characteristic  length. 

Line  radiation  in  a  plasma  occurs  for  electron 
transitions  between  discrete  or  bound  energy  levels  of 
multiply  charged  ions  from  heavier  elements.  Lighter 
elements  such  as  Eydrogen  and  Helium  are  usually  completely 
stripped  in  a  high  temperature  plasma  resulting  in  no  line 
radiation.  Intensity  of  line  radiation  from  highly  icnized 
atoms  in  an  optically  thin  plasma  is 
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(15) 


I 

L 


.  1 

(47r)  A  h  n  ^ 
kn  zn 


vh^re  k  is  the  transition  probability,  n  is  the  ion 
kr  zn 

density  in  guantum  level  n  and  6  is  the  thickness  cf  the 

optical  layer.  If  a  Eoltzmann  distribution  could  be  assumed 

betMeen  upper  and  lower  states,  the  ion  density  could  be 

easily  calculated  and  an  accurate  value  for  I  would  result. 

L 

This  is  not  the  case,  however,  since  thermal  equilibrium 
rarely  exists  between  the  ground  state  and  the  excited 
state.  A  rough  calculation  of  line  intensity  can  be 
achieved  by  assuming  that  transitions  from  lower  states 
dciiinate  the  radiation  and  by  applying  approximate  ion  cross 
sections.  Summaticn  over  all  transitions  can  be  omitted  if 
it  is  further  assumed  that  most  radiation  occurs  in  the 
resonance  lire,  leaving  the  relation. 


3/2  -1/2 

I  oc  n  n  (E  )  (kl  )  exp  (-E  /kT  )  (16) 

L  e  e  e  n^  e 

where  E  is  the  excitation  of  the  resonance  line. 

D  ^ 

Temperature  diagnostics  becomes  difficult  at  this  point 

because  cf  the  interdependence  cf  density  and  electron 
temperature.  A  further  complication  is  broadening  of 
resonance  peaks  by  Doppler  and  collision  mechanisms. 

The  ultimate  result  of  these  compounding  approximations 
anc  inaccuracies  is  that  information  about  electron 
temperature  via  the  absolute  intensity  in  the  center  cf  an 
optically  thick  resonance  line  rarely  leads  to  correct 
values.  This  is  the  case  in  spite  cf  the  preferred 
exponential  temperature  dependence  in  equation  16.  Elasma 
electron  temperatures  are  most  frequently  arrived  at  through 
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continuum  diagnostics  which  tend  to  be  more  reliable. 
Further  discussion  of  line  radiation  will  be  confined  to  its 
relation  to  plasaa  impurities. 

The  shape  and  intensity  of  the  x-ray  continuum  spectrum 
due  to  transitions  within  a  given  ionic  state  are  determined 
by  the  interaction  of  the  following  transitions: 

(1) FBIE-IBEB  TflANSITIONS  are  the  result  of 
acceleration  of  electrons  due  to  scattering  by  the 
Coulomb  fields  of  other  charged  particles  (usually 
ions) .  Since  the  initial  and  final  states  of  the 
electron  are  continuous/  the  subseguent  Eremsstrahlung 
(braking  radiation)  is  also  continuous.  Intensity  is 
dependent  on  the  square  of  the  nuclear  charge  (Z^) , 

(2)  ECDHC-FBEB  TBABSITIONS  are  produced  by  radiative 
capture  of  an  electron  and  the  subsequent  emission  of 
a  photon.  These  transitions  also  give  rise  to  a 
continuous  spectrum  but  with  absorption/emission  edges 
at  wavelengths  corresponding  to  the  appropriate 
ioni2aticn  potentials.  This  radiation  spectrum  has 
essentially  the  same  shape  as  the  Eremsstrahlung 
spectrum,  but  the  recombination  spectrum  dominates  at 
short  wavelengths  due  to  its  intensity  dependence  on 
the  fourth  power  of  nuclear  charge  (Z^) . 

(3)  BCGNE-ECDND  TBAHSITIOHS  characterize  electron  jumps 
between  energy  levels  of  the  same  ionic  state.  The 
discrete  nature  of  initial  and  final  states  results  in 
line  radiation.  The  intensity  of  this  radiation  is 
dependent  on  the  sixth  power  of  nuclear  charge  (Z*) 
and  consequently,  it  predominates  at  the  frequencies 
at  which  it  occurs. 

These  radiative  transitions  are  illustrated  in  figure 
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5  for  th€  radiation  spectrum  of  a  hydrogen  plasma 

contaminated  by  2%  oxygen.  If  impurities  are  present  in  the 

target  aaterial  (e.g.  high  Z  elements  like  oxygen) , 

reccmbinatio r  and  line  radiation  obscure  the  free-free 

radiation,  particularly  near  the  short  wavelengths  where 

excitaticc  erergies  of  the  higher  Z  ions  are  of  the  order  of 

kT  ,  Eguaticn  16  shows  that  as  E  approaches  kT  frcm  the 
6  ni  e 

high  side,  I  becomes  increasingly  large.  for  a  1 keV  plasma 
L 

ccrtaining  cnly  oxygen  ions  with  cne  remaining  electron 

(C  ,  2=8)  line  radiation  is  approximately  300  times  the 

ttinimum  Eremsst rahlung  radiation.  If  steady-state  ionization 

were  reached  by  ccupletely  stripping  the  Oxygen  ions,  the 
Eremsstrahlung  radiation  would  increase  only  by  a  factor  of 
3  at  I.Skey.  Aside  from  small  effects  due  to  the  Gaunt 
factor,  recombination  radiation  has  the  same  spectral  shape 
as  Eremsstrahlung,  except  for  low  frequency  cutoffs  when  the 
energy  of  the  emitted  quantum  equals  an  ionization  energy  of 
the  emitting  ion.  The  reaction  rate  for  each  of  the  two 
transitions  is  a  function  of  temperature  and  density  but  the 
rcle  of  each  process  varies  considerably  for  different 
temperatures  and  different  spectral  regions.  As  a  result  of 
the  complicated  nature  of  electron  temperature/radiation 
intensity  dependence,  radiation  intensity  ever  certain 
spectral  ranges  can  be  only  a  weak  function  cf  temperature. 
However,  the  absolute  intensity  of  those  same  spectral 
ranges  can  be  used  to  determine  density  even  if  minimal 
temperature  information  is  available.  Plasma  density  is 
mest  readily  measured  in  the  visible  spectral  range  where 

-1/2 

the  temperature  dependence  reduces  to  T  .  The  strong 

e 

exponential  dependence  of  the  spectrum  in  the  neighberheod 

of  the  short  wavelength  cutoff  implies  that  the  most 
sensitive  temperature  measurements  can  be  made  in  the  x-ray 
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r€g ion[ 5  ]. 


Breasst lahlung  and  recombination  transitions  with 
Maxwellian  velocity  distributions  exhibit  emission 
coefficients  which  are  functions  of  plasma  density,  nuclear 
charge,  election  temperature  and  the  Gaunt  factor  for  each 
respective  transition.  The  Bremsstrahlung  spectrum 
increases  without  limit  in  the  long  wavelength  direction. 
The  Maxwellian  assumption  can  be  made  because  in  the  process 
of  electrons  radiating,  the  time  between  emissions  is 
usually  Icnger  than  the  time  between  collisions  with  other 
electrons.  The  high  collision  rate  presumes  a  near 

Maxwellian  distribution  function.  Emission  coefficient  for 
Ere msst rahlurg  radiation  (per  unit  frequency  interval  per 
unit  volume  cf  plasma  in  a  solid  angle  47r)  is 

2  1/2 

I  (i;)  =  AZ  n.n  g^^(E  /kT  )  exp{-bl//kT  }  (17) 

ff  leffHe  e 

where  q  is  the  Gaunt  factor  for  the  free-free  transitions, 
ff 

-40  3 

A  is  a  numerical  factor  equal  to  1.7  x  10  erg  cm  ,  n  and 

i 

n  are  ict  ard  electron  densities  and  B  is  icnixation 
€  B 

energy  cf  Hydrogen  (IS.SSeV).  The  Gaunt  factor  represents 

the  departure  of  the  guantum-mechanical  calculation  frcm  the 

classical  result  and  is  averaged  over  the  Maxwellian 

velocity  distribution  at  the  electron  temperature  T  .  It 

e 

varies  between  1.39  and  1.16  for  T  between  lOOeV  anc  5keV 

e 

and  approaches  1.103  at  higher  temperatures.  As  a  first 
approximaticn ,  g  is  usually  set  equal  to  1. 
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Ccnveiting  eguation  17  to  emission  per  unit  wavelength 
interval  jields 


-28  2  -2  -1/2 

=  1.9x10  Z  n  n  g  X  (kT  )  exp  (-hc/XkT  )  (18) 

ff  1  e  ff  e  € 


Total  radiated  Bremsstrahlung  power  is  obtained  by 
integrating  this  over  all  wavelengths. 


-38  1/2  2 

f  =  1.5x10  (kT  )  g  n  n.Z  (19) 

ff  e  ff  e  1 


where  T  is  ir  electron  volts, 
e 


The  coefficient  for  free-free  radiation  is  proportional 
to  continuum  intensity  which  produces  a  maximum  at 


X=  hc/kT  (20) 

e 


Per  Icng  wavelengths  (X»hc/kT  )  in  the  visible  range,  the 

e 

spectral  shape  loses  its  strong  exponential  dependence  on  T 

e 

-1/2 

but  retains  its  T  relation.  However,  for  short 

e 


wavelengths  (  X<hc/kT  or  hi/>kT  )  ,  the  spectral  shape  is 

e  e 


strongly  temperature  dependent  through  the  dominant 


exponential  term.  When  hi/>>kT  ,  the  logarithm  of  the 

e 


spectral  distributuion  of  a  continuous  spectrum  is 


essentially  a  staight  line  whose  slope  is  given  by  electron 


temperature  kT  (traditionally  plasma  temperatures  are 
e 
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quoted  in  electron  volts) .  This  method  of  determining  T  is 

e 

widely  used  in  experiments  where  x-radiation  is  due  to 
Bremsstrahlurg  of  thermal  electrons,  A  complicating 
feature,  however,  is  the  need  for  having  reliable 
informaticE  on  which  part  of  the  electron  density  is 
responsible  for  the  temperature.  If  the  distribution  of 
particles  is  rather  complicated,  the  electron  temperature, 
as  detemined  from  the  shape  of  the  continuous  spectruir,  may 
only  apply  to  a  small  fraction  of  the  plasma  being  studied. 

Frequency  dependence  of  the  recombination  emission  from 
electron  capture  into  completely  stripped  iors  is 
approximately  comparable  to  free-free  emission  in  the 
classical  limit.  The  comparison  is  made  after  disregarding 
quantum  mechanical  corrections  to  the  classical  model  and 
discontinuities  in  the  emission  spectrum  at  frequencies 
ccrrespcndinc  to  the  ionization  potential  of  the  final 
state.  The  emission  coefficient  of  the  radiation  due  to 
recombination  for  a  level  with  a  principle  quantum  number  K 
per  unit  volume  of  plasma  in  a  solid  angle  HTT  per  unit 
frequency  interval  is 


rb 


=  0n,n  (E  /kT  )  g 
1  e  H  e  fb 


X  exp{(E  -  hi/)} 
iK 


(H.  /E  ) 

IK  H 


-i 

K  N 


(21) 


where  E  is  the  ionization  potential  of  the  target  element 
iK 

or  impurity.  If  the  K  shell  is  simple,  then  the  number  of 

2 

empty  sites,  H,  is  equal  to  2K  .  Expressing  E  in  terms  of 

iK 

K  and  z  by  tie  relation 
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2 


(22) 


2 

E  =  (-13.58Z  )/K 
iK 

allows  eqcaticn  21  to  te  reduced  tc 


I 

fb 


O') 


/5z  n.n  g  K  (E  /ka  ) 
1  e  fb  H  € 


X  exp  {  (E  -  hi/)/kT  ) 
iK  e 


(23) 


The  fourth  fewer  of  nuclear  charge  indicates  that  free-bound 

radiaticD  dcaicates  at  short  wavelengths  fer  plasmas  whose 

cemponents  have  ionization  potentials  near  kT  . 

e 


For  a  cciiifosite  spectrum  comprising  only  Eremsstr ahlung 

and  reccatination  continua,  spectral  intensities  are 

strongly  temperature  dependent.  If  the  spectral  region  is 

far  enough  into  the  short  wavelength  region  where 

recombination  series  limits  are  not  a  hindrance  and  if  there 

are  neglicitle  impurities,  then  accurate  temperatures  can  be 

estimated  from  x-ray  intensities  emitted  from  a  plasma.  Inis 

region  is  telow  14.21  for  the  example  in  Figure  1.  At 

longer  wavelengths  approaching  the  visible  region,  it  is 

clear  from  equation  17  that  as  X  increases,  U  decreases 

causing  (-hi//kT  )  to  become  small.  Hence  the  exponential 
e 

approaches  1  and  the  emission  coefficient  becomes 

2  1/2 

I,  (I/)  =  )3Z  n.n  g  (E  /kT  )  (24) 

ff  1  e  ff  H  e 

but  shoiis  EC  spectral  dependence  on  T  [29].  Thus  in  the 

e 

visible  region,  electron  density  can  be  extracted  frcii  the 
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2 

absolute  intensity  of  emission  if  n  Z  can  te  determined, 

i 

The  mechanism  for  deconvolution  of  electron 
temperatures  from  emission  intensities  shall  be  the  topic  of 
the  next  section. 


37 


C.  ELASai  lEiiPEEATOEE  FfiOtt  CONTINUUM  INTENSITY 


The  nest  pofular  and  least  ccmplicated  methed  of 
determining  reasonably  accurate  plasma  temperatures  is  to 
measure  the  relative  transmission  through  absorption  filters 
of  twe  cr  mere  thicknesses.  Since  absolute  intensities  of 
continuous  radiation  depend  directly  on  electron  densities 
(eguaticD  28),  temperature,  which  appears  in  the 
exponential,  can  best  be  obtained  from  relative  measurements 
of  the  ccctirucus  radiation  at  different  wavelengths. 

If  eguaticn  18  is  reduced  to  the  form 

I(X)  =  I  (X)  exp{-E/kT  }  (25) 
0  e 

where  E  is  the  x-ray  photon  energy,  it  can  be  seen  from  the 
exponential  that  for  electron  temperatures  in  the  area  of 
lOCeV  there  is  a  rather  rapid  intensity  decrease  for  3-rays 
in  the  IkeV  range. 

-5 

I(X)  =  I  (X)  exp{-10C0/100}  =  a. 5x10  I  (X)  (26) 
0  0 

This  neat  cutoff  point  which  is  highly  temperature  dependent 
is  the  basis  for  extracting  sensitive  temperature 
measurements  from  high-energy  continuum  wavelength 
distributions . 

The  position  of  the  cutoff  can  be  varied  artificially 
by  placing  ar  absorption  filter  in  front  of  the  x-ray 
continuum  detector.  Among  all  the  characteristics  of 
x-radiation,  the  best  known  experimentally  are  the  mass 
absorption  coefficients  as  a  function  of  wavelength  and 
absorber  material,  shown  in  Figure  1  for  several  materials. 
Materials  used  in  the  soft  x-ray  range  are  usually  Be,  Al, 
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Ni  and  C  tecause  of  their  relatively  high  transmission  and 
freedom  frcii  an  abundance  of  absorption  edges  at  the  desired 
wavelengths.  Filters  determine  the  electron  temperature 
from  the  slcpe  cf  the  x-ray  continuum,  when  no  lines  are 

present  in  the  wavelength  region  and  when  an  exponential 

decay  of  the  continuum  is  expected.  Figure  6  shows  the 

K-edge  cutoff  for  5  and  15  micron  A1  lies  at  82  and 

transmits  mainly  soft  radiation  whereas  a  thicker  Be  foil 
would  trarsnit  harder  radiation  because  of  its  lack  cf  a  K 
abscrpticn  edge.  Cutoff  energy  for  an  absorber  can  be 
determined  frcm  the  relation[18] 

=  1  (27) 

where  d  is  the  abscrber  thickness  and  K^,  is  the  freguency 
dependent  abscrpticn  coefficient  defined  by 

-14  4  -3 

Xj,  =  2x10  Z  E  <28) 

has  units  of  inverse  centimeters  when  E  is  in  electron 

vclts.  The  cutoff  energy,  E  ,  is  the  energy  at  which 

c 

- 1 

transmission  is  reduced  by  a  factor  of  e 


The  Frensstrahlung  spectrum  for  a  specific  temperature 
which  penetrates  a  foil  of  thickness  d  is  a  product  cf  the 
emission  function  (equation  18)  and  the  exponentially 
dependent  transmission  function.  This  product  can  be 
written  as 
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(29) 


-.28  2 


KAJ  =  I.SxlO  Z  Q.D  g 


i  6  ff 


e 


X  €xp{(-E/kT  )  -  d  } 
e  J  j  j 


where  2  is  the  photon  energy  (hc/X)  .  Sumoiation  of  various 
absorber  iiat€rials  and  thicknesses  is  permitted.  Equation 
2S  has  beer  solved  numerically  by  computer  for  a  rarge  of 
foil  thicknesses,  various  foil  materials,  and  several 
electron  teiEp6ratures[5-7  ].  A  typical  set  of  curves  for 
Aluminum  plotted  by  Elton  using  the  NHL  NABEC  computer  is 
shewn  as  Figures  2  through  .23  of  reference  7.  Foil 


2 


thicknesses  in  equation  29  are  in  mg/cm  .  These  can  be 

converted  tc  inches  using  the  graphical  conversion  of  Figure 

7. 

The  curves  of  relative  Bremsstrahlung  emission  versus 
wavelength  are  extremely  useful  in  cheesing  foils  for 
viewing  specific  spectral  regions  and  for  masking  eff  line 
radiation  from  impurities.  Minute  amounts  cf  Oxygen  (0  and 


V 


0  )  for  example  will  produce  copious  amounts  of  radiation 

vl 

in  the  15C  tc  170^  region.  Ni  foil  which  is  essentially 

opaque  at  150S  will  serve  to  determine  if  these  impurity 
elements  are  a  problem. 

If  the  integration  of  the  transmission  function  in 
equation  29  is  performed  over  photon  energy,  2,  a  plot  could 
be  made  of  Bremsstrahlung  transmission  (normalized  tc  d=0) 
versus  fcil  thickness  for  various  electron  temperatures. 
The  energy  flux  received  by  the  detector  is  essentially 


(30) 


0 
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where  &  accounts  for  all  the  factors  left  out  in  the 
transiticr  fica  equation  29.  Between  absorption  edges,  K 
—  z 

varies  as  E  frca  equation  28.  Rewriting  equation  30  as 

F(y)  =  efs(S)  6ip{-K(E)y}  dE  (31) 

0 

where  S  (£)  is  the  spectral  distribution  function  I  minus 

ff 

some  constants  which  are  lumped  into  0,  and  substituting  in 
fcr  iC(E)  results  in  the  energy  detected  behind  thickness  y 

r 

E(y)  =  yJsiE)  expt-E  y}  dE  (32) 

0 

y  is  a  ccnsclidation  of  constants  from  equation  26  with 
these  in  ©.  Ite  thickness  y  has  been  substituted  for  d  for 
ease  of  nctaticn  in  formulae.  Differentiating  both  sides 
with  respect  tc  y  yields 


dE(y)/dy 


-3 

S(E)/y  {E 


y 


exp  (-E 


y)}  dE 


0 

For  each  fcil  thickness  y  there  is  a  cuteff  energy 
determined  by  equation  27  at  which  the  term 


(33) 


S 

y 


-3  -3 

E  y  exp  (-E  y) 

has  a  sharp  naximui.  Therefore  at  that  energy,  equation  33 
can  be  appreximated  by 


-1 

dF  (y)  /dy  =  -<fy  S  (E  ) 

y 


(34) 


41 


This  eguaticc  written  in  the  form 


S(E^)  =  '{dF(y)/dy}y  (35) 
provides  a  transition  from  a  plot  of  S(E  )  versus  X  f or  a 

y 

specific  temperature  and  thickness,  to  a  plct  of  F (y)  (which 

has  been  integrated  over  photon  energy)  versus  foil 
thickness  y  ,  as  illustrated  in  Figures  24  through  39  of 
reference  7.  Graphs  of  F  (y)  versus  y  can  be  used  to  obtain 
values  fcr  ratios  of  intensities  transmitted  through  two 
different  foil  thicknesses  at  different  temperatures, 
resulting  in  a  plot  of  two  foil  transmission  ratio  versus 
electron  temperature.  Experimentally  obtained  transmission 
ratios  can  be  applied  to  this  curve  to  pick  off  a  plasma 
electron  temperature  from  the  abscissa. 

Transmission  curves  for  the  Brensstrahlung  spectrum  may 
be  combined  to  yield  the  transmission  through  multiple  foil 
layers.  However,  integrated  relative  intensities  versus 
fcil  thickness  cannot  be  easily  combined  and  curves  must  be 
plotted  fcr  each  specific  ratio. 

A  superficial  acquaintance  with  x-ray  measuring 
techniques  often  leads  to  the  erroneous  conclusion  that  it 
is  a  straightforward  matter  to  interpret  data  obtained  by 
simple  measurements.  A  unique  analysis,  however,  can  cnly 
be  carried  cut  if  sufficiently  precise  data  is  available  on 
the  shape  cf  the  spectrum  and  the  radiation  energy,  in 
absolute  units.  Determination  of  electron  temperature 
through  the  mean  energy  of  photons  passing  through  filters 
leaves  a  wide  margin  for  error  if  recombination  radiation 
due  to  impurities  is  not  considered.  A  small  amount  of 
Oxygen  (usually  the  most  prevalent  impurity) ,  some  of  which 
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maj  he  fully  icnized,  can  produce  recombination  radiation 
which  exceeds  the  bremsstrahlung  radiation  in  the  energy 
range  9C0  to  lOCOeV  by  several  orders  of  magnitude, 
Measurements  with  filters  of  A1  and  Ee  would  yield  a 
temperature  cf  the  order  of  IkeV  whereas  the  actual 
temperature  is  only  several  tens  of  electron  volts.  This 
obviously  is  cause  for  extreme  caution  to  be  exercised  in 
preparaticn  cf  experiments  and  analysis  cf  data  to  ensure 
eliainaticn  cf  miscalculation. 
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IV.  EXPERIMENTAL  PHASE 


A.  LASE5  S5£IEi! 


The  laser  used  tc  produce  plasmas  in  this  temperature 
investigaticE  was  a  Korad  K-1500  Neodymium-doped  glass 
Q-switched  laser  system.  The  basic  components  of  the  K-1500 
system  were  the  Korad  K-1Q  Q-spoiled  laser  retrofitted  for 
Nd-glass  lasirg  rod  application,  the  K-QS2  Pockels  Cell 
assembly  with  associated  shutter  electronics  used  for 
Q-switchirg,  and  the  Korad  K-2  laser  head  with  flash-lamp 
firing  electronics  and  fire  signal  delay  circuit.  Expansion 
optics  were  required  to  expand  and  collimate  the  K-1Q 
oscillator  pulse  from  the  0.5  inch  diameter  oscillator  rod 
sc  that  it  would  couple  with  the  0.75  inch  diameter  rod  of 
the  K-2  amplifier.  The  fire  signal  delay  circuit 
synchronired  the  arrival  time  of  the  K-IQ  pulse  at  the  K-2 
head  as  laxiuum  population  inversion  was  attained  in  the  K-2 
lasing  material.  A  complete  description  of  the  laser  system 
is  available  in  reference  30. 

Energy  output  of  the  system  for  various  phases  of  the 
experiment  ranged  from  3  tc  13. 5J.  Pulse  duration  was 
consistently  25nsec  (FWHM)  giving  an  output  power  level 
range  of  12C  to  5a0MW.  Shot  to  shot  energy  variation  at  all 
levels  withir  the  operating  range  was  approximately  10X  of 
the  nominal  setting. 

3.  lASEE  MCNIICBING  TECHNIQUES 

The  laser  pulse  was  monitored  with  a  Korad  K-C1  rapid 
response  flanar  diode  which  provided  a  signal  proportional 
tc  the  laser  power.  It  also  integrated  this  signal  to 
provide  an  output  which  was  proportional  to  the  laser 
energy.  About  1^  of  the  laser  output  beam  was  reflected  by  a 
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quartz  beam  splitter  to  a  MgC  diffusing  block  for  viewing  by 

tb€  K-D1  as  a  pcint  source  whose  intensity  attenuated  as 
-2 

H  .  Scattered  light  frcm  the  diffuser  was  passed  through  a 
neutral  density  filter  before  entering  the  photodiode. 

The  power  signal  from  the  photodiode  was  displayed  on  a 
Tektronii  7SC4  oscilloscope.  This  signal  was  used  to  ^ 
determine  the  full  width  at  half  maximum  amplitude  (FWHM) 
duration  of  the  laser  pulse.  Peak  output  power  was 
determined  by  dividing  laser  energy  by  the  FftSM  duration.  No 
variation  in  FWHM  duration  of  the  power  signal  was  observed 
during  the  period  of  experimentation. 

Energy  output  of  the  laser^  at  a  pcint  immediately 
after  the  pulse  had  passed  through  the  beam  splitter,  was 
displayed  or  a  Tektronix  564B  storage  oscilloscope.  The 
photodiode  energy  signal  was  calibrated  by  !!cKee[25]  using  a 
Westinghcuse  BN-1  Laser  Radiometer  placed  to  interrupt  the 
laser  pulse  passing  through  the  beam  splitter.  The 
radiometer  provided  an  absolute  measure  of  the  energy  of  the 
laser  pulse  beyond  the  beam  splitter  which  allowed 
calibration  of  the  voltage  reading  on  the  storage 
cscillcsccpe .  Energy  output  was  monitored  on  every  shot 
because  of  its  poor  reproducibility. 

Energy  loss  through  the  focusing  lens  at  the  vacuum 
chamber  was  estimated  from  a  transmission  curve  to  be  5^. 
The  loss  through  the  chamber  window  was  measured  using  a 
Beckman  spectrophotometer  and  found  to  be  20%  for  a 
wavelength  of  1.C6  microns.  These  losses  necessitated 
reducing  the  energy  reading  on  the  storage  oscilloscope  by  a 
further  2U% .  The  energy  range  mentioned  in  section  A  was 
reduced  to  at  experimental  variation  of  about  90  to  410MN. 
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C.  INIEEACTICN  CHAilBEB  AND  TABGET 


The  laser  pulse  was  focused  by  a  Hoya,  coated  camera 
lens,  effective  diameter  49mni  and  power  of  +3  dicfters, 
through  a  3ma  quartz  vacuum  chamber  window  cn  to  the  surface 
of  a  sclid  target.  The  vacuum  chamber  was  originally 
constructed  by  ilcKee[25]  to  facilitate  the  use  of  macnetic 
prohes.  The  inside  volume  of  the  chamber  was  cylindrical 
with  a  cianeter  of  25cm  and  a  height  cf  15cm.  Chamber 
dimensiors  atd  target  positioning  are  shown  in  Figure  8.  All 
ports  are  circular. 

For  all  temperature  measurements,  the  chamber  was 

evacuated  tc  approximately  2x10  Torr  of  air  by  an  oil 

diffusion  puap,  the  description  and  operation  of  which  are 
detailed  in  reference  31.  The  portion  cf  this  experiment 
requiring  an  ambient  background  pressure  were  conducted  by 

-6 

first  evacuating  the  chamber  to  10  Torr  and  then 

intrcducirg  Sitrocen  gas  through  a  needle  valve  to  pressures 
varying  frcic  20  to  4000  microns. 

The  laser  beau  was  focused  to  a  spot  size  of  127±17 
tticrens  radius  at  top  dead  center  of  the  circular  front 
surface  cf  the  target.  Path  of  incidence  was  30  degrees  from 
normal.  The  original  intent  of  the  incident  angle  was  to 
permit  clcse  orientation  of  magnetic  probes  with  the  targets 
surface  while  avoiding  interaction  with  the  laser  pulse.  The 
angle  alsc  eliminates  feed  back  into  the  laser  system  due  to 
reflection  from  the  target's  surface  which  prevents 
relaxation  cscillaticns  being  set  up  between  the  target  and 
ether  reflecting  surfaces  in  the  amplifier  chain.  Focusing 
was  achieved  by  simulating  the  Nd  laser  beam  with  a 
Helium-Neon  laser  and  observing  the  spot  on  the  plane 
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surface  cf  the  target.  Because  of  the  longer  wavelength  of 
the  Nd  laser  the  separation  between  the  focal  planes  cf  the 
Nd  and  fle-Ne  wavelengths  was  approximately  0.5mm[27].  This 
change  was  compensated  for  by  focusing  the  He-Ne  beam  cn  the 
target  surface  and  then  advancing  the  lens  by  O.Smm.  This 
method  is  accurate  to  ±1mm. 

The  target  for  all  phases  of  experimentation  was  a 
flat,  polished  disc  of  Aluminum  6mm  thick  and  6cm  in 
diameter.  The  target  surface  was  prepared  under  vacuum 
immediately  prior  to  taking  data  by  illuminating  it  with 
laser  pulses  which  were  focused  by  a  +2  diopter  lens.  The 
target  was  rotated  after  each  preparation  shot.  This  fcrm  of 
cleaning  was  intended  to  remove  contaminants  and  oxides  from 
the  Alumiruffl  surface. 

D.  DIAGNOSTIC  APFARATOS 

X-ray  emission  from  the  laser  generated  plasma  was 
jietected  by  two  semiconductor  diodes  in  probe  mountings 
placed  symmetrically  in  a  horizontal  plane  with  their  axes 
at  1  degrees  from  the  normal  to  the  target  surface  (see 
Figure  S) .  The  acceptance  angles  of  the  detector  windows 
were  defined  by  circular  apertures  of  diameter  0.8cm  located 
17cm  frctt  the  focal  region  of  the  target. 

1 .  Probe  Assembly 


An  exploded  view  of  a  single  probe  assembly  is  shewn  in 
Figure  10.  It  consists  of  an  aperture,  light  seal  gaskets 
and  filter  retaining  ring,  a  filter  holder  body,  a  light 
shield,  a  detector,  and  a  N-type  to  BNC  adapter.  The 
aperture  was  fastened  to  the  filter  holder  body  with  four 
machine  screws.  The  K-edge  filter  was  sandwiched  between  a 
neoprene  gasket  in  the  aperture  and  a  filter  retaining  ring 
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which  pr€ss€c  tightly  against  the  filter  holder.  A  second 
larger  neoprene  gasket  around  the  periphery  cf  the  aperture 
further  ensuied  light-tight  contact  of  the  filter  against 
the  filter  holder.  The  filter  holder  had  six  holes  drilled 
radially  cn  its  circumference  to  provide  fcr  vacuum  pumpout. 
The  two  piece  light  shield  provided  baffling  to  prevent 
light  from  entering  the  detector  through  the  pumpout  holes. 
Interior  surfaces  were  finished  in  matte  black  enamel.  The 
front  half  of  the  light  shield  screwed  cnto  the  filter  tody 
and  the  assembly  in  turn  screwed  into  the  detector  assembly 
which  consisted  of  a  PIN  diode  and  BNC  adapter.  The  rear 
half  cf  the  light  shield  slipped  over  the  rear  cf  the 
assembled  portion  and  formed  a  press  fit^  0-ring  connection 
with  the  front  light  shield.  The  filter  was  positioned  away 
from  the  detector  tc  reduce  fluorescence  radiation  effects 
from  high  Z  filter  materials. 

The  twc  probe  assemblies  were  press  fit  fastened  to  two 
vacuum  bulkhead  ENC  connectors  mounted  at  angles  cf  7 
degrees  from  normal  to  a  1.3cm  thick  Aluminum  plate  (see 
Figure  11) .  The  plate  was  designed  to  be  mounted  in  chamber 
window  #5  directly  opposite  the  target  surface.  Electrical 
ccrnecticr  tc  the  probes  was  made  through  the  vacuum 
bulkhead  ENC  connectors. 

2 .  PIN  Diode  Detectors 


Detectors  used  in  these  experiments  were  050-EIN-75 
double  Diffused  Silicon  Photodiodes[ 32 ]  with  a  depletion 
depth  of  75  microns,  a  dead  layer  equivalent  to  0.4±0.2 

2 

microns  cf  silicon,  and  an  entrance  window  cf  50mm  . 

The  PIN  photodiode  is  the  most  common  depletion-layer 
pho todet ect or  because  the  depletion  region  thickness  (the 
intrinsic  lajer)  can  be  tailored  to  optimize  the  sensitivity 
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racge,  the  frequency  response,  and  the  efficiency  (see 
Figure  12).  Ifcis  type  of  diode  is  made  by  lowering  the 
doping  in  the  epitaxial  layer  of  the  abrupt- junction  cicde. 
It  is  well  suited  for  use  with  pulsed  plasma  devices  because 
of  its  inherently  fast  rise  time  and  high  detection 
sensitivity,  Ihe  rise  time  is  related  to  the  square  of  the 
depletion  depth  divided  by  the  bias  voltage  and  is 
approximate! j  l.Snsec  for  a  75V  bias[33].  Because  the  hole 
collecticc  time  is  longer  than  the  electron  collection  time, 
the  decay  tine  is  approximately  3nsec.  Combined  rise  time 
of  the  diode,  cables,  and  oscilloscope  was  apprcxinately 
2ns€c . 

Figure  13  shows  tae  energy  levels  of  a  reverse  biased 
FIN  diode  and  a  schematic  for  a  single  channel  of  the 
detector  system.  Absorption  of  x-ray  photons  in  the 
intrinsic  region  liberate  electron-hole  pairs  which  travel 
in  opposite  directions  and  result  in  a  charge  output 
prcpcrticnal  to  absorbed  photon  energy.  The  detector  was 
biased  at  -757  through  a  10K  ohm  resistor.  Negative  biasing 
produces  a  positive  output  signal, 

3 .  K-Idqe  Absorption  Filters 


Thin  foil  discs  of  Aluminum  and  Beryllium,  1.3  cm  in 
diameter,  were  used  as  filters  for  the  absorption 
measurements.  Aluminum  discs  were  cut  from  sheets  of  common 
wrapping  foil  available  in  a  variety  of  thicknesses 
depending  on  the  commercial  brand.  Single  layers  of  these 

2 

foils  ranged  from  1.83  to  8.5hmg/cm  in  thickness.  The 

thinnest  fcil,  not  available  commercially,  was  obtained  from 
the  LINAC  Laboratory  at  NFS.  The  Beryllium  fcil  was  obtained 
from  two  sources.  £  5cm  Be  disc  was  cut,  using  a  diamond 
glass  bcre,  into  eight  1cm  diameter  discs  which  were  then 
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chenicallj  etched  by  the  methcd  outlined  in  Appendix  A  to 

2 

thicknesses  ranging  from  8.9  to  46.6mg/cm  .  A  set  of 

2 

ccmmercially  idled  Be  foils  1.45mg/cm  thick  was  purchased 
ficji  KBI[34j. 

The  fcil  thicknesses  were  determined  by  weighing  a 
measured  area  of  the  material  on  a  semi-micro  analytical 
balance  and  were  accurate  to  5%.  All  foils  were  visually 
examined  in  a  darkroom  with  a  point  source  light  to  ensure 
freedom  frcDt  pinholes.  Foils  were  discarded  after  ten  shots 
tc  prevent  a  buildup  of  debris  from  altering  the  effective 


area  of  the 

entrance  window.  This  procedure 

limited  the 

number  cf 

temperature  readings  which  could 

be 

obtained  with 

the  more  scarce  and  much 

more  expensive 

Beryllium  foil. 

Table  I  lis 

ts  seme  of  the 

foils  used,  their 

thicknesses,  and 

their  apprcximate  cutoff 

energies. 

TABLE  I 

Material  Thickness 

Cutoff  Wavelenqth 

Cutoff  Energy 

(mg/sgem) 

(Angstroms) 

(eV) 

Be 

5.80 

21.0 

600 

fie 

23.90 

13.0 

900 

Be 

66.89 

8.7 

1450 

A1 

1.83 

25.5 

500 

A1 

8.80 

13.5 

950 

A1 

17.08 

11.0 

1150 

(cutoff 

values  for  kT=250eV) 

4 .  Probe  Monitoring 

Signals  from  both  probes  were  displayed  simultaneously 
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on  a  lektrcnix  7904  oscilloscope  by  delaying  the  signal  from 
pxcbe  #2  by  SOnsec  using  a  combination  delay  box  and  delay 
cable.  Figure  14  shows  the  wiring  of  the  probes  frcm  the 
chamber  to  the  cscilloscope.  RG58A  cable  was  used 
throughout.  Ihe  signal  from  probe  #1  was  relayed  through  its 
bias  network  tc  the  (+)  input  of  a  differential  comparator 
in  the  cscilloscope.  Probe  #2  signal  was  passed  through  a 
36ns6c  delay  cable,  into  a  delay  box  set  at  44nsec,  through 
its  bias  network,  into  an  inverting  transformer,  and  into 
the  (-)  input  of  the  differential  comparator.  Both  signals 
entered  the  oscilloscope  through  50  ohm  termination 
resistances.  Ihe  oscilloscope  was  triggered  by  a  signal  from 
the  K-D1  phctcdicde  being  passed  through  a  332cffl  cable  to 
the  cscillcsccpe  time  base  input. 

All  temperature  data  were  taken  with  a  horizontal  time 
scale  of  lOnsec  per  division  which  allowed  for  estimates  to 
withir  2nsec.  Vertical,  voltage  scale  adjustments  were  varied 
between  the  maximum  attainable  gain  of  5V  per  division  and 
20iiV  per  division.  The  lower  limit  was  determined  by  the 
noise  level  at  which  the  signal  was  no  longer  discernible 
frcm  background  interference.  Shielding  of  signal  leads  did 
net  reduce  the  noise  level. 

Attenuation  cf  the  probe  signal  was  attempted  using 
both  an  ordinary  2k  carbon  resistor  and  a  variable  high 
frequency  attenuator.  In  each  case  the  distorticn  cf  the 
pulse  was  severe.  This  development  coupled  with  the  noise 
problem  at  high  gain  placed  a  limit  on  the  thickest  and 
thinnest  foils  which  could  be  used  fer  temperature 
measurements.  The  limits  for  Aluminum  were  1.63  to 
2  2 
17.C8mg/ca  and  for  Beryllium  were  5.80  to  66.89mg/cm  . 

Delays  cf  the  various  signals  to  the  oscilloscope  are 
given  in  Table  II.  The  values  were  calculated  based  on  the 
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assumpticD  ttat  th€  speed  of  the  signal  in  the  cable  is  two 
thirds  that  cf  light  in  air,  that  the  delay  through  a  diode 
is  1nsec,  and  that  there  is  negligible  delay  at  the  target. 


Delay  Phase 

splitter  to  diode 
delay  in  diode 
delay  to  scope 
TOTAI  DELAy 


TABLE  II 

Probe  #J 

68cin/2.3nsec 
(PIN)  Insec 
34  1cin/17.  Insec 
20 . 4nsec 


Trigger 

1 20cm/4nsec 
(K-D1)  Insec 
332cni/16 . 6ns  ec 
20.7nsec 


The  delay  tines  (excluding  delay  through  the  diodes)  were 
verified  to  Bithin  Insec  using  a  pulse  reflection  technique 
on  a  Tektronix  519  oscilloscope.  Within  the  accuracy  of 
tine  base  readings  the  signal  from  probe  #1  at  the 
cscillcsccpe .  %as  assumed  to  coincide  with  triggering  cf  the 
horizontal  sweep. 

5 .  Vacuum  Photodiode 


An  j-ray  vacuum  photodiode  (VPD) ,  theoretically  capable 
of  less  than  Insec  time  resolution,  was  constructed 
following  the  tasic  design  outlined  in  reference  16. 
Original  irtent  of  construction  was  to  produce  a  detector 
capable  cf  supplementing  the  expensive  PIN  diodes.  The 
finished  VPI,  however,  proved  to  be  too  cumbersome  to  be 
used  in  ccrjucction  with  existing  detector  arrangements. 
This  was  primarily  the  result  of  continuous  modifications 
made  necessary  by  lack  of  suitable  materials  and  micro 
manufacturing  techniques. 

Figure  15  shows  the  basic  construction  cf  the  diode  and 
electrical  connections.  The  photocathcde  C  was  the 
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geld— coated  inner  surface  of  a  6cm  long  1cm  diameter  brass 
cylinder.  Geld  was  chosen  for  stability  and  high 
f hctoelectric  efficiency.  With  a  plasma  located  on  the 
cylinder  axis  10cm  from  the  cathode  midpoint,  radiation 
struck  tie  cathode  at  angles  of  incidence  between  87.6  and 
65.9  degrees  from  normal.  The  anode  A  was  a  0.6cm  diameter 
brass  cylinder  which  was  capacitively  coupled  tc  ground 
through  a  O.C5cm  thick  Teflon  sheath  around  a  0.4cm  diameter 
grounded  brass  rod  G.  The  sheath  and  cylinder  were  swaged 
into  place  around  the  ground  potential  rod.  The  structure 
was  surrounded  by  a  cylindrical  stainless  steel  screen 

also  at  ground  potential.  A  second  independent  ground  screen 

surrounded  the  diode  and  its  cables,  and  an  outer  screen 

acted  as  a  housing  and  was  at  the  potential  of  the  vacuum 

chamber.  The  three  screens  were  separated  by  cylindrical 
layers  of  nylon  insulation.  The  screen  isolated  the  diode 

from  electrostatic  disturbances  due  to  the  laser  plasma 
since  it  was  sealed  off  by  the  metal  foil  F.  The  aperture 
and  foil  retaining  mechanism  were  identical  to  that 
described  in  subsection  1.  The  signal  was  fed  to  a  RG174 
coaxial  cable  SIG  with  the  ground  screen  common  to  and  G. 

2K7  high  vcltage  was  applied  to  the  anode  through  a  EG62 
coaxial  cable  BV. 

Signals  were  monitored  in  a  manner  similar  tc  that 
described  in  subsection  4.  Cables  were  adjusted  so  that 
arrival  of  the  diode  signal  coincided  with  triggering  cf  the 
oscillcsccpe .  Considerable  noise  was  encountered  at  vertical 
gains  cf  mere  than  500mV/cm.  Screening  of  the  signal  cable 
did  not  suppress  the  noise  component. 

Figure  16  shows  the  VPD  pulse  in  relation  to  the  laser 
pulse.  The  pulse  compares  favorably  with  that  in  reference 


53 


16  in  its  relation  tc  the  laser  pulse.  The  shape  is  seen  to 
fcllcH  the  shape  of  laser  pulse  as  in  reference  16  if  the 
noise  ccffipcrent  is  ignored.  Temperature  data  was  not  taken 
with  the  VED  because  cf  its  incapatibility  with  the  smaller 
FIN  diodes. 

E.  EXPEBIEENTS  EEBFOBfJED 

1 .  Plasma  Temperature  Measurements 


The  primary  purpose  of  this  study  was  tc  determine  the 
temperature  cf  an  electron  laser  produced  Alumiaum  plasma 
and  to  ascertain  whether  a  suprathermal  ccmpcnent  existed 
within  the  plasma.  Data  required  for  temperature 
measurements  was  obtained  by  photographing  probe  signals 
displayed  on  the  Tektronix  7904  oscilloscope  and  submitting 
the  photographs  to  analytical  measurements.  A  typical  pair 
of  x-ray  pulses  and  the  corresponding  laser  power  pulse  are 
shewn  in  figure  17. 

Batic  measurements  of  the  peak  amplitudes  of  the  probe 

signals  were  required  for  temperature  evaluation.  The 

procedure  was  to  first  use  equal  values  of  equivalent 

Aluminum  absorbing  mass  in  both  channels.  Thirty-five 

signals  H  and  V  were  recorded  and  the  signal  ratios  V  /V 
12  12 

measured  and  averaged  to  give  a  mean  value  E  and  a  root  mean 

square  deviation  ±dB.  This  gave  a  temperature  independent 
ncimalizirg  constant.  To  measure  a  temperature  sensitive 
ratio  the  absorber  mass  screening  one  channel  was  changed  tc 
a  suitable  value  and  signals  VJ  and  were  recorded.  The 

recuired  tr ansmissicn  ratio  was  then  BV*/^*-  each  pair 

12 

of  foils,  ten  ratios  were  recorded  and  averaged. 
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A  ccnputer  program  was  written  to  plot  curves  of 
theoretical  transmission  ratios  for  a  particular  pair  of 
fcils  versus  electron  temperature.  The  program  was  given 
data  extracted  froi  reference  7  which  was  then  applied  to  a 
Least  Squares  pclynomial  evaluation  to  provide  an  eleventh 
degree  polynomial  fit  of  the  data  points.  The 
experimentally  obtained  transmission  ratio  was  read  in  and 
applied  to  the  ordinate  and  the  polynomial  was  evaluated  on 
an  iterative  basis  until  a  corresponding  ratio  and 
accompanying  temperature  were  located.  This  process  was 
repeated  for  8  Aluminum  and  5  Beryllium  foil  pairs  (see 
Figures  16-30)  . 

The  computer  program  also  plotted  isothermal  curves  of 
relative  Ereisstrahiung  transmission  versus  foil  thickness 
for  both  Al  and  Be.  The  relative  transmission  was 
normalized  to  transmission  through  the  thinnest  Al  and  Be 
foil  ratter  than  to  transmission  through  zerc  foil 
thickness.  These  curves  were  used  to  determine  whether  or 
not  any  suprathermal  activity  was  present  in  the  plasma  (see 
Figures  31-32).  The  computer  program  is  outlined  in 
Appendix  E. 

Frequent  null  checks  were  made  by  placing  a  thick  glass 
plate  in  front  of  each  probe.  The  plate  would  attenuate  an 
i-ray  sicnal  but  would  permit  detection  of  light  leaks  in 
the  probe.  The  normalizing  ratio  H  was  measured  after  every 
third  foil  pair.  Its  dependence  was  primarily  on  the 
geometrical  relation  between  the  two  probes  and  the  plasma 
plume. 

The  photographs  taken  for  temperature  measurement  were 
also  used  to  determine  the  shape/  the  start  time  and  the 
i'AEiA  of  the  x-ray  pulse,  and  they  provided  data  for  a  plot 
of  temperature  versus  laser  flux  density  shown  in  Figure  33. 
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2. 


Hire  Resolved  Temperature 


A  series  of  photographs  was  taken  with  the  horizontal 
tine  base  expanded  to  10ns  in  order  to  obtain  pulse  ratios 
which  could  be  related  to  time.  Foils  in  probes  #1  acd  *2 

2 

were  6.97  and  8.54nig/ciD  Al  respectively.  The  time  resolved 
temperature  is  plotted  in  relation  to  the  time  resolved 
laser  pcrier  pulse  in  Figure  34. 

3.  £r  essure  Dependence 


The  dependence  of  x-ray  intensity  on  the  aibient 
backgrounc  pressure  was  determined  by  taking  five  shots  at 
each  of  14  pressures  ranging  from  20  to  4000  microns  of 
Nitrogen  cas.  The  x-ray  intensity  of  each  shot  was  divided 
by  the  energy  for  normalization  and  the  five  normalized 
intensities  were  averaged.  Aluminum  foil  of  density 
2 

6.97mg/cm  was  used  as  a  filter.  Figure  35  shows  a  plot  of 

x-ray  intensity  in  arbitrary  units  per  joule  versus  anbient 
backgrounc  pressure. 

4 .  Teacerature/Magnetic  Field  Correlation 


Simultareccs  temperature  and  spontaneous  magnetic  field 
measurements  were  taken  while  focusing  the  laser  at  the  same 
spot  for  25  successive  shots.  The  two  probes  were  mounted 
vertically  to  obtain  the  same  view  of  the  cavity  which  was 
being  bored  alone  rhe  axis  of  the  laser  beam  (30  degrees 
from  ncriral)  .  The  adhoc  probe  arrangement  placed  them  at  an 
angle  of  17  degrees  from  normal  (or  13  degrees  off  the  laser 
axis)  providing  the  best  possible  view  of  the  cavity  as  it 
was  being  created  (see  Figure  36) .  A  magnetic  probe  was  in 
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place  against  the  target  directly  above  the  focal  spot.  Its 
position  did  not  obscure  the  path  of  x-rays  to  the  probes. 
A  complete  description  of  equipment  layout  and  data 
correlation  fcr  this  combined  experiment  is  provided  by 
iilliaiiscn[  35  j . 
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V. RESULTS  AND  CONCLUSIONS 


An  experimental  study  was  made  of  the  plasma 
temperature  and  related  phenomena  of  a  laser  produced 
Aluminum  plasma.  Electron  temperatures  derived  from  the 
x-ray  flux  ratios  measured  by  two  detectors  with  various 
combinations  of  Aluminum-Aluminum  and  Beryllium-Eeryllium 
absorpticc  foils  are  listed  in  Table  III. 


TABLE  III 


Foil  Thicknesses 

(mg/sqcm) 

A1  1.83/3.66 

A1  3.66/5.50 

A1  3.66/4.30 

A1  6.97/8.54 

A1  8.80/10.37 

A1  10.37/13.94 

A1  13.94/17.08 

A1  12.91/15.77 

Be  5.80/8.96 

Ee  8.96/13.59 

Ee  15.30/23.90 

Ee  34.02/46.62 

Ee  46.62/66.89 

the  energy  value  in  ()  is 
iiscussed  in  section  IV.  B) 


Enerqy 

Temperature 

(J) 

(eV) 

9.9(13.0) 

148 

9.9(13.0) 

•  148 

9.7(12.8) 

•136 

10.0(13.1) 

172 

9-7(12.8) 

148 

10.0(13.1) 

181 

9.3(12.2) 

185 

9.5(12.5) 

178 

9.8(12.9) 

144 

9.7(12.7) 

162 

10.0(13.2) 

159 

10.2(13.4) 

180 

9.0(11.8) 

162 

prior  to 

the  24%  red 

It  was  found  that  the  temperatures  inferred  frcir  the 
various  metal  foil  combinations  were  generally  the  same  to 
within  110^.  Evaluation  of  the  thirteen  different 
temperatures  in  Table  III  averages  to  162±17e7  as  the  tesr 
fit  of  the  experimental  absorption  data  to  the  transmissions 


58 


expected  for  Aluiinum  Bremsstrahlung.  The  coDtcurs  of 
experimental  data  points  in  Figures  31  and  32  follow  very 
closely  those  of  the  theoretical  continuum  data^  indicating 
that  the  plasmas  observed  had  eguilitrium  electron 
distributions.  A  tendency  of  experimental  points  tc  cross 
the  theoretical  curves  towards  increasing  temperature  as 
foil  thickness  increased  would  have  been  an  indication  of  a 
non-Maxwellian  distribution  within  the  plasma.  This  occurs 
because  ratios  cf  absorber  foil  detectors  indicate  higher 
temperatures  fcr  foils  with  higher  cutoff  energies  when  a 
Maxwellian  distribution  is  assumed.  For  the  plasmas  observed 
it  can  thus  he  assumed  that  the  x-ray  spectral  distritution 
was  nearly  that  cf  a  Bremsstrahlung  continuum  in  the 
wavelength  interval  5  to  30&  with  no  significant  line 
contribution . 

Results  cf  temperature  measurements  confirm  that 
temperatures  determined  by  the  two  foil  method  are  not 
independent  cf  the  foils  used.  A  wider  separation  in  cutoff 
energies  of  the  two  foils  produced  higher  electron 
temperatures  as  is  seen  from  the  Al  foil  pairs  (3.66/5.50) 
and  (3.66/^4.30)  in  Table  III.  The  fell  pairs  used 
throughout  the  experiment,  however,  were  considered  to  be 
sufficiently  close  in  cutoff  separation  that  averaging  of 
temperatures  obtained  from  the  various  pairs  was 
permissible.  For  cutoff  separations  of  more  than  a  few 
Angstroms  the  temperatures  would  have  tc  be  considered 
unigue  and  reported  as  individual  temperatures  for  different 
electron  groups  within  the  plasma. 

Errors  accumulated  in  ratio  measurements  were  typically 
5%  in  reading  the  oscilloscope  photographs,  4%  from  the 
relative  sensitivity  normalization  of  the  two  detectors,  1% 
in  plotting  transmission  ratio  curves,  and  43E  in  measuring 
the  thickness  cf  the  absorption  foils.  The  net  errer  in  the 
ratio  is  then  19%  giving  a  temperature  to  approximate! j  ±10% 
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accuracy . 


The  s-ray  pulse  commenced  at  a  point  2ansec  after  the 
laser  beam  illuminated  the  target  when  the  plasma  became 
optically  thick  (see  Figure  17) .  The  pulse  had  a  FWEM  of 
ISnsec  with  a  rise  time  of  lOnsec.  The  peak  of  the  x-ray 
pulse  and  the  peak  of  the  laser  power  pulse  both  occurred  at 
SOnsec  after  formation  of  the  plasma.  A  time  resolved 
temperature  study  showed  that  the  peak  temperature  occurred 
approximately  4nsec  after  the  peak  cf  the  laser  pulse  or 
54nsec  after  formation  cf  the  plasma. 

Temperature  values  deduced  from  the  ratio  measurements 
were  used  to  plot  the  variation  in  electron  temperature  with 
laser  flux  density  (see  Figure  33) .  On  the  basis  of  these 
data  the  exponent  cf  the. power  law  relating  temperature  to 
flux  density  was  calculated  to  be  0.404.  This  value  is 
below  the  thecretical  4/9  steady  state  scaling  relation  to 
an  extent  which  is  not  guite  compatable  with  estimated 
temperature  errors.  The  origin  of  the  discrepency  is 
believed  tc  he  a  resultant  of  two  basic  factors.  The  first 
is  the  liiiited  range  of  laser  energy  for  which  temperatures 
could  be  recorded.  This  limitation  would  not  allcw  for 
establishment  of  a  definite  trend  in  the  temperature/flux 
relationship,  hence  the  data  sample  cculd  perhaps  be 
considered  too  small  to  define  a  power  law. 

A  second,  more  subtle  factor  is  that  the  x-ray 
intensities  being  measured  are  effectively  time  and  space 
integrated  by  the  detection  system.  The  emission  zone  will 
be  spatially  and  temporally  smaller  for  the  harder  x-rays 
which  are  associated  with  regions  of  high  temperature. 
Because  cf  the  different  transmission  characteristics  cf  the 
twc  abscrber  foils  the  effective  emission  zone  as  seen  by 
the  two  diodes  will  have  different  volumes.  The  smaller 
effective  zone  corresponds  to  the  foil  which  transmits 
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predofflinactly  harder  x-rays.  However,  the  detector  signal 
ratios  are  interpreted  and  adjusted  on  the  assumption  that 
an  equal  emission  volume  is  seen  by  each  detector.  The 
difference  in  emission  volumes  leads  to  an  over  estimate  of 
the  ratio  cf  emission  coefficients  and  hence  an  under 
estimate  of  temperature.  The  result  would  be  a  downward 
shift  in  the  slope  of  the  temperature/flux  density  graph. 

Preliminary  background  pressure  measurements  showed  an 
increase  in  x-ray  intensity  with  increasing  pressure  from  10 
microns  up  to  about  300  microns  with  intensity  per  joule  in 
arbitrary  units  being  related  to  pressure  by  a  scaling 
factor  of  1/^.  Beyond  300  microns  the  intensity  dropped  off 
sharply  (see  Figure  35).  The  increase  in  observed  x-ray 
intensity  corresponds  to  a  similar  increase  in  the  magnetic 
field  intensity,  over  the  same  pressure  rang€[26],  where  the 
scaling  between  magnetic  field  and  ambient  plasma  density  is 
about  1/3.  The  striking  similarity  between  the  two  seemingly 
independent  experiments  is  not  fully  understood,  although  it 
is  ncted  that  absolute  x-ray  intensity  can  be  related  to 
plasma  density.  The  intensity  measurements  here  cannot  be 
given  absolute  values. 

X-ray  intensity  readings  taken  while  a  crater  was  being 
bored  into  the  target  indicated  that  the  temperature 
remained  ccrstant  over  the  25  shot  range  of  the  experiment. 
From  the  combined  temperature/magnetic  field  measurements 
taken  as  the  crater  developed,  Williamson  was  able  to 
calculate  a  magnetic  field  strength  which  compared  to  within 
20%  with  tbe  field  that  was  simultaneously  measured  (see 
reference  35) . 

The  overall  view  of  data  gathered  through  x-ray 
analysis  would  indicate  that  the  plasmas  observed  were  very 
ordinary,  low  temperature  plasmas  of  the  type  to  be  expected 
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since  threshold 


11  2 

with  laser  flux  densities  of  5x10  W/cm  , 

13  2 

fcr  suprather nal  activity  is  greater  than  10  «/cid  . 

electron  velccity  distributions  were  Maxwellian  with 
indications  that  ncn  thermal  ccmponents  were  present. 


The 

no 
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VI  RECOMMENDATIONS  FOB  FU ETHER  STODY 

The  next  obvicus  step  in  improving  the  x-ray  diagnostic 
facility  vculd  be  the  absolute  calibration  of  detectors  with 
an  accurately  known  source.  Once  this  is  accomplished,  a 
Hess  filter  system  could  be  constructed  which  would  provide 
the  type  cf  spectral  analysis  tool  being  used  in  plasma 
latcratcries  throughout  the  world.  Absolute  intensity 
measurements  would  lead  directly  to  very  accurate 
temperature  readings,  and  indirectly  to  a  means  of 
determining  plasma  densities  and  detecting  suprathermal 
electron  groups. 

There  is  a  definite  need  to  establish  a  capability  for 
determining  spatial  energy  resolution  cf  the  plasma. 
Present  emission  intensities  are  not  sufficiently  strong  to 
permit  the  use  cf  an  ordinary  pinhole  camera,  hut  with 
improved  focusing  cf  the  laser  beam  on  the  target  this 
problem  could  be  overcome.  There  are,  cf  course,  various 
methods  cf  collimation  which  have  proven  effective  in 
gathering  x-rays  for  spatial  resolution.  These  would  be 
more  costly  than  a  pinhole  camera  setup  but  the  results 
would  be  immediate. 

More  research  of  a  combined  nature  would  be  a  definate 
asset  to  the  NES  Plasma  Facility.  Simultaneous  magnetic 
field,  background  pressure,  and  plasma  temperature 
measurements  could  provide  correlation  to  data  previously 
accepted  ^»ithcut  corroboration.  The  very  limited 
ccllaboraticn  on  magnetic  field/temperature  measurements 
proved  tc  be  guite  useful  and  contributed  to  a  broadening  of 
each  field  cf  research  with  very  little  extra  effort.  More 
extensive,  tetter  planned  collaboration  would  most  certainly 
be  cf  benefit  tc  the  students  involved  and  tc  the  school. 
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The  vacuum  photodiode  constructed  as  part  of  this  study 
can  be  made  to  work  effectively  with  a  little  more 
encineering  refinement.  It  would  be  extremely  beneficial  to 
continue  the  study  of  high  resolution  detectors  such  as  this 
since  they  will  be  a  vitally  important  diagnostic  tod  as 
laser  pulses  continue  to  narrow. 
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APPENDIX  A 


The  frocedure  used  to  etch  the  Berylliuir  foil  was  based 
cn  a  Dew  Chemical  process  [36]  for  chemical  milling  of  Be 
for  removal  cf  machining  damage.  Techniques  and  solution 
quantities  were  suitably  scaled  down  tc  meet  the  limited 
labcratory  quantities  required. 

Apprexiaately  one  litre  of  Cow  Chemical  Billing 


Solution  2 

was  prepared  as  follows: 

75C  (±15) 

millilitres  per  litre  of  phosphcric  acid  (F.  EO  ) 
{^5%) 

71  (±2) 

grams  per  litre  of  chromic  acid  (CrC^)  {99% 
chromic  trioxide) 

20C  (±5) 

millilitres  per  litre  of  water  (H^O)  (distilled 
cr  deionized) 

30  (±2) 

millilitres  per  litre  of  sulfuric  acid  (B  SO  ) 

(S5  to  SS%) 

The  chrciic  acid  was  not  added  to  the  solution  until 
imiediately  prior  tc  etching  so  that  its  strength  would  not 
be  deminished. 


Onder 

tbe  cover  of  a  fume  chamber,  for  each  etching. 

100ml  of 

solution  A  was  poured  into  a  watchglass  and  the 

foil  to  be 

reduced  was  immersed  in  the  solution.  Floatation 

was  caused  by  bubble  formation  on  the  underside  of  the  foil 
necessitatinc  frequent  inverting  of  the  foil  using  tweezers. 

The  solution  and  resulting  fumes  were  extremely  toxic. 
Gloves,  goggles,  and  a  respiratory  mask  were  worn  at  all 
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tines  during  the  process. 

The  rate  of  etching  was  measured  with  the  aid  of  a 
stopwatch  and  micrometer  and  determined  to  be  500  microns 
per  minute  at  21oc  for  each  surface  of  the  foil  including 
the  edge. 
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APPENDIX  B 


The  fcllcwing  computer  code  has  been  compiled  to  aid  in 
reduction  of  x-ray  emission  data  which  was  obtained  during 
electron  teijeiature  measurements.  It  has  been  written 
specifically  fcr  measurements  using  combinations  of  Aluminum 
foils.  a  similar  program  with  minor  modification  was  used 
to  reduce  data  obtained  with  Beryllium  foils. 

The  code  is  divided  into  two  parts.  Part  A  is  designed 
to  plot  the  ratio  of  Bremsstrahlung  radiation  transmitted 
through  two  Aluminum  foils  of  different  thicknesses  versus 
logarithm  cf  electron  temperature.  Data  for  this  type  of 
plot  was  obtained  from  Figures  24^  25/  21,  and  28  of 
reference  7  by  selecting  a  desired  foil  thickness  and 
picking  cff  the  Bremsstrahlung  transmitted  at  temperatures 
varying  from  lOOeV  to  2KeV.  Examples  of  similar  computer 
plots  are  shown  in  Figures  28  and  29  of  reference  6.  Cnee 
each  curve  has  been  plotted/  an  experimentally  determined 
transmission  ratio  for  the  particular  pair  cf  foils  being 
examined  is  read  into  the  program  and  a  plasma  electron 
temperature  is  calculated. 

Part  E  of  the  code  produces  a  plct  of  normalized 
Bremsstrahlurg  transmission  versus  foil  thickness  for 
various  temperatures.  These  curves  differ  from  those  of 
reference  9  in  that  they  are  normalized  tc  transmission 
through  the  thinnest  foil  rather  than  transmission  through 
zero  thickness. 

Both  parts  cf  the  code  make  use  cf  the  subroutines 
LEAST  anc  EVAI  to  fit  data  to  a  polynomial  approximation. 
Subroutine  LEAST  and  the  function  EVAL  calculate  the  least 
squares  pclyrcmial  approximation  to  a  set  of  data  specified 
by  the  matrix/  1,  of  M  nodes  with  corresponding  function 
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values  and  weights  in  the  vectors  F  and  W,  The  weights  must 
positive.  The  polynomial  appro ximaticn  is  determined 
in  LEAST  and  evaluated  in  EVAL-  On  input  EPS  is  the  desired 
weighted  BMS  error.  The  code  increases  the  degree  of  fit  in 
an  attempt  tc  meet  this  error  request.  On  return  EPS  is  set 
to  the  weighted  EMS  error  of  the  fit.  Because  EPS  is  used 

for  both  input  and  output  it  must  be  a  variable  in  the 

calling  program.  MAXDEG  is  the  highest  degree  cf  fit 
allowed  and  Bust  be  less  than  or  equal  to  (M-1)  .  The  actual 
degree  cf  fit  is  returned  in  NDEG  unless  the  code  is  forced 
to  produce  a  fit  HAXDEG  by  setting  EPS  negative  on  input. 
The  vector  ABBAY  specifies  the  orthogonal  pclynomial  fit  and 

provides  working  storage.  The  dimension  cf  ARRAY  in  the 

calling  program  must  be  at  least  (2M+3flAXCEG)  .  The  vectors 
representing  X,  F^  W,  ARRAY,  and  R  must  be  dimensioned  in 
the  calling  program. 

Function  EVAL  evaluates  the  orthogonal  pclynomial  fit 
computed  by  LEAST  and  specified  by  vector  ARRAY.  The  fit  of 
degree  N  is  evaluatd  at  the  arguement  Y.  N  must  be  less 
than  or  equal  tc  NDEG  as  returned  from  LEAST.  LEAST  is 
called  cnly  cnce  fcr  each  fit,  but  EVAL  is  called  cnce  for 
each  argumert  at  which  a  value  of  the  fit  is  required. 
EAXCEG  must  have  the  same  value  as  in  the  call  to  LEAST. 

Description  cf  arguments; 

E  the  electron  temperature  of  interest,  read  in  as 

data 

W  a  weighting  factor  required  by  subroutine  LEAST  (all 

values  set  equal  to  1) 

X  the  matrix  of  transmission  values  fcr  14  foils  at  10 

temperatures,  read  in  as  data 

TR  the  matrix  of  calculated  transmissicc  ratios 

ELCG  the  natural  logarithm  cf  E 
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BAIIO 

tt€  vector  of  transmission  ratios  calculated  bj  EVAL 

ELCGT 

the  vector  of  the  natural  logarithm  of  temperatures 
used  by  EVAL  to  calculate  BATIO 

ABfiAY 

a  vcrking  vector  used  by  LEAST 

TTE 

a  dunmy  vector  used  to  held  columns  cf  the  matrix  TB 
fer  calculation  by  LEAST  in  part  A 

TLN 

natural  logarithm  of  the  normalized  transmission 
threugh  the  various  foils 

DIIN 

a  dunmy  vector  used  to  hold  columns  of  ILK  for 
calculation  by  LEAST  in  part  B 

FOIL 

a  vector  of  the  various  foils  used  (quantities  are 
in  iiilligrams  per  square  centimeter) 

FLCG 

natural  logarithm  of  foil  thickness 

THICK 

the  vecter  of  the  natural  logarithm  of  foil 

thicknesses  used  by  EVAL  to  calculate  BELTB 

EEIIfi 

the  vecter  of  normalized  transmission  ratios 

calculated  by  EVAL 

EIB 

the  experimental  transmission  ratios  read  in  as  data 
(cne  ratio  for  each  pair  cf  foils) 

TEHP 

the  electron  temperature  calculated  from  EIB  for 
each  pair  cf  foils 

a 

the  number  of  temperatures  used 

N 

the  number  of  foils  used 
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JOB  CCNTPOL  CARCS 


=  3^  =  ‘'CHUK..T1ME-(00..0) 

//FCPT.SVSIN  CD  ♦ 


MAIN  PROGRAM  ♦♦♦ 


CINENSICN  E(10),  W  ( 16  )  , WW ( 1 6 ) ,  X(1A,10), 

1  TR(13»10)t  £L0G(12),  PATI0(500),  ELGGT(500), 

2  /RRAY(eO)»  TTR(12),  TLNdA^lO),  CTLNdSI, 

3  FCIL(14),  FL0G(14),THICK(500),  RELTR(500)» 

A  ETRdA),  TEMPdA) 

IMEGER^A  ITB(12)/12=*'0/ 

REAL^A  RTB(28i/28«0.0/ 

REALMS  Rd6)/16^l,0/ 

REALMS  TITLE(12) 

ECLIVALENXE  (TI TLE , RTB ( 5) ) 

CATA  W/16*1.0/ 

CATA  TENP/IA^O.O/ 

ICC  FCFMAT  (10F5.0) 

ICl  FCPMAT  (10E8.2) 

1C2  FCPMAT  (1AF5.2) 

1C3  FCRMAT  (6A8) 

ICA  FCPMAT  (13F5.2) 

20C  FCPMAT  (10X,F5.0,5X,1AF6.2) 

201  FORMAT  (l^FS.A) 

2C2  FORMAT  (///, lOX ,* GRAPH *, 5X ,• ELECTPCN  TE M FE R ATLRE • , / ) 
2C3  FORMAT  (12X, 1 1, 15X, E12.A) 

part  a 

M  =  10 
N  =  lA 
READ  (5, 

CO  1  I  = 

RcAC  (5, 

1  CONTINUE 
ITE(2)  = 

I7E(A)  = 

ITE(8)  = 

ITE(IO) 

ITE (12) 

M  =  N-1 
CC  2  I  = 

CO  2  J  = 

IF( (I.EQ 

1  (I.EQ. 

TR(I  ,vl) 

GO  TO  3 

2  TR(I,J) 

2  CONTINUE 

CC  A  J  s 
i^RITE  (6 
A  CONTINUE 
CC  5  J  = 

ELCG( J) 

5  CONTINUE 
EPS  =  -1 
REAC  (5, 

CC  10  I 
IF( (I. EC 
I  (I. EC. 

REAC  (5, 

CC  E  J  = 

TTR(J)  = 
t  CONTINUE 


100)  (Ed), 1=1, M) 

101)  (X(I,J),J=1,M) 

6 

a 

1 

=  1 
=  1 

1,M 

.2). OR. ( I. EC. A). OR. (I .EG. 6). OR. 
8)  .OR. (I. EC. 12) )  GO  TO  2 
=  X( I, J )/X(I+l, J) 

=  0.0 

,260)  E( J),  (TR(I ,J ) ,I=1,N1) 

1,M 

=  ALCG(E(J)  ) 

.0 

lOA)  (cTR(I  )  ,I  =  1,N1) 

T2)IaL  (I  .EC.  A). OR.  (I.  EC.  6). OR. 
8). OR. (I. EC. 12)  )  GO  TO  lu 

102)  TITLE 
1,M 

TR(I,J) 
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TTR(ll)  =  2000.0 
eLCG( 11  )  =  0.0 
T7P{12)  =  1.05 
ELCG(12  )  =  12.0 
Mf^l  =  N  +  2 
f^^XCEG  =  11 

CMl  LEAST  {NUMlrELCG,TTR,W,EPStNAXCEG,NCEG,ARRi\Y,R) 

ELCGT ( 1  )  =  4.70 

KCLM  =  1 

CC  8  J  =  1,500 

NLV2  =  J 

R4TIQ(J)  =  EVAL(6LCGT(JI,MAXCEG, ARRAY, MAXCEG) 

IF  (KCUNT.EG.2)  GG  TO  7 

IF  (RATIO(J).LE.ETR(I))  TEMPd)  =  EXP  (  ELCGT  { J  ) ) 

IF  (TEMPd  ).GT.O.OI  KCUNT  =  2 
7  ELCGT(J+1)  =  ELOGTCJ)  +  0.01 
IF  (SLGGT( J+1).GT.7.00)  GO  TO  9 
6  CCNTINLE 

9  CALL  CRAWP  ( NUM 2, ELCGT , RATI 0 , 1 T E , RTB ) 

10  CONTINUE 

FART  8 

CC  12  J  =  1,M 
CC  11  I  =  1,N 

TLN(I,J)  =  ALCG(Xd,J  )/X(l,  J)) 

11  CCNTINUE 

WRITE  (6,201)  (TLNd,  J)  ,I  =  1,N) 

12  CCNTINLE 

REAC(5,  102)  (FGILd  )  ,I=1,N) 

CC  13  I  =  1,N 

FLCG( I )  =  ALCG(FCIL(I ) ) 

13  CCNTINUE 

PEAC  (5,102)  TITLE 
YCCCUR  =  1 
ITEd)  =  1 
CC  17  J  =  1,4 
NLR2  =  1 
CC  14  I  =  1,N 

IF( (I  .EC.3  ).0R. (I .EG.5) )  GO  TO  14 
CTLN(NUN'3)  =  TLN(  I  ,  J) 

FLCG(NLR3)  =  FLOGd  ) 

NLM2  =  NUM3  +  1 

14  CCNTINUE 
CTLN(NUM3)  =  0.0 
FLCG(NUN3)  =  0.0 

CAcPuiAlT  (NUM  3,  FLOG  ,  OTLN  ,  W  ,  EPS  ,RGEG2,NCEG,ARRAY,R) 
TFICKd  )  =  0.6 
CC  15  I  =  1,500 
NLN4  =  I 

RELTRd)  =  EVAL(THICK(I ),MDEG2, ARRAY, M05G2) 
TKICKd+l)  =  THICKd)  +  0.01, 

I F(THICK(I+1).GT.3.0)  GC  TO  16 

15  CCNTINUE 

16  IF(J.EQ.4)  GO  TO  ia_ 

CALL  DRAWP  ( NUM4 , THIC K , RE LT P , I T E  ,  RTB ) 

MCCCUR  =  2 
ITE (1  )  =  2 

17  CCNTINUE 
IE  yCCCUR  =  2 

C ALL ^ CRAWP  (NLM4,THICK,RELTR,ITe,PTe) 

WRITE  (6,202) 

NLM5  =  1_ 

IF( (I.EC^2 )IcL (I.EC.4).0R. (I. EC. 6). OR. 

1  (I.EQ.8).CR.(I.£C.12))  GO  TO  19 

WRITE  (6,203)  NUM5,  TENF(I) 

NLM5  s  NUM5  +  1 
19  CCNTINLE 
STCF 
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E^C 


SUBRCUTINE  LEAST 


SLE ROUTINE  LEAST(MfX,F,W,EPS,MAXCEGfND£G#ARPAYtR) 
Clf-ENSICN  X(l)  ,F(r),i;(i)’,4RRAY<l) 

CCUBLE^FRECISION  R  ( 1 )  ,SUl5 ,CK, TE^F 

IEL2=MA>DEG-1 
IC=IB+ieL2 
I0L1=IC+M4XDEG 
I  1L1=I0L1+N 
R^=^ 

TCL=:RM^EPS’^^2 
NCEG=0 
S=0.0 
SL^=0,0C0 
CC  1  1=1, M 
S  =  S+V^(I  ) 

SLy=SUN*»OBLE(W(  I  )  )*C3LE(F(I  )) 

P^O  =  S 

CK=SUM/RNO 
ARPAY(IC)=CK 
EFPCR=0.0 
DC  2  1=1, M 
R(I)=CK 

EFPCR  =  EPRCR  +  W(I  )  ^^'SNGL  (  CK-D3LE  (  F  ( I  )}  )**2 

IF(NDEG.EC.MAXDEG)GC  TO  14 

IF(EPS.LT.O.O)GO  TO  3 

I  F  (ERROR. Lc.TCL )GC  TO  14 

NCEG=1 

ES=EFRQP 

SLN=O.OCO 

CC  A  I=1,M 

SL^=SUM+DBLE(W( I ) ) ^D3LE (X (I  ) ) 

AFPAYd  )=SUM/RNO 
S=0.0 
SLf^  =  O.OCO 
CC  5  1  =  1, 

AFRAYd  ILl+I  )=X(I)-ARRAY(  1) 

S  =  S-»W(I  l^ARRAYC  IlLl  +  I  )«’^2 
TEMF=CBLE(F(I))-R(I) 

SL^=SUM+DBLE(W(  I  )  » =^‘CBLe  ( A RR  AY  ( 1 1 L  1  + 1  )  )^TEyP 
PM  =  S 

C1<  =  SUM/RM 
AFRAY(IC+1)=CK 
EFFCR=0.0 
CC  t  I=1,M 

R  ( I  )  =  R(  I  )+CK={'DBL£  (ARRAY  (I  IL  l  +  I  )  ) 

EFPCR  =  EPRGR+k^(I  )^SNGL(R(I  )-OBLE(F(I  )  J  )^^2 
IF(ERROR.GT.£S.ANC.EPS.GE.O.O)GC  TC  12 
IF(NDEG.EQ.MAXDEG)GC  TO  14 
I F(ERROR. LE.TOL.ANC.EPS. GE.O.OiGC  TO  14 
CC  7  1=1, M 
/SFPAYdCLl-^I  )  =  1.0 
NCEG=2 
K  =  2 

eS=ERRCF 

AFRAYd  eL2  +  K)=RM/RNO 
SL^=O.OCO 
C  C  S  I  “  1  M 

SLN  =  SUM  +  CBLE(W(  I  )  )’^CBLE(X(I))=«=CBLE(ARRAY(I1L1  +  I))*’^2 

AFPAY(K  )  =  SLM/RN1 

S=C.O 

SLN=C.OCO 

AFPAY(iOLi+I)=(X(I)-ARRAY(K))*ARFAY(IlLl+I) 

1  -ARRAY  (  IBL2+K)=PA PRAY ( lOLl-d  ) 

S=S*h  ( I  )=^ARRAY(  lOLl+I 
TENF  =  DBLE(F(I  )  )-R(n 
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^to 


10 


11 


12 


13 

lA 


SL>^=SUM  +  D3LE(W(  I  )  )  «C8LE  (ARRAY  { 10  L  l  +  I )  )’«'T£NP 

P  ^C  =  RlNl 

RM  =  S 

IT=I0L1 

ICL1=I1L1 

I1L1=IT 

CK=SUM/RN1 

AFPAY(IC+K)=CK 

EFPCR=0.0 

CC  11  1=1, 

R  (I  )=R(  I  )>CK=«‘DBLE  (APRAYd  ILl+I )  ) 
EPRCR=ERRGR+W  (I  )*SNGL(R(I )-0eLE(F{I )) 

IF (EFRCR.GT.es. AND. EPS. GE.0.0)GC  TO  12 

IF(NDEG.£G.MAXD£G)GO  TO  14 

I F(ERRaR. LE.TCL.ANC.EPS. GE.C.0)GC  TQ  14 

NCEG=NCeG+l 

K=K4l 

GC  TO  8 

NCEG=N0EG-1 

ERPCR=ES 

CC  13  1=1, 

R (I )=R( I )-CK*CBL£ (APRAY(I1L1+I) J 
EFS  =  SQRT(GRRaR/R^^  ) 

RETURN 

E^C 


FUNCTICN  EVAL 


FUNCTION  EVAU(Y,N, ARRAY, MAXCEG) 
CI^ENSICN  ARRAY(l) 

IE=NAXCEG-H 
IC  =  ^'AXCEG'He-l 
IF(N.GT.C)GG  TO  1 
£VAU=ARPAY(IC) 

RETURN 

IF(N.GT.l  )GQ  TO  2 

E V AU  =  AR R AY ( IC  ) +ARR AY (  IC  +  1 ) ^ (Y-ARR AY ( 1 ) ) 
RETURN 

CKF2=ARFAY ( IC+N ) 

CKP1  =  ARRAY( IC+N-1  )  + ( Y-A RR AY (N )  ) * CK P 2 
NU2=N-2 

1  F(NU2.UT.1)G0  TO  4 
CC  2  U=1,NU2 
K  s  14NU2-L 

CI‘  =  ARRAY(  IC+K)  +  (  Y- ARRAY  (K  +  1  )  }*DKF1 
1  -ARRAY(  IB  +  K  )=^'0KP2 
CKF2=CKP1 
CKF1=CK 

EVAU=ARRAY( ICI+( Y-APRAY(l) )*CKP1 
1  -ARRAY( IB)*DKP2 
RETURN 
ENC 
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Hass  Absorption  Coefficient  (sqcm/g) 


Mass  absorption  coefficients  versus 
photon  wavelength  for  several  absorption 
filter  materials.  D5  ] 


FIGURE  1 
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Example  of  emitted  x-ray  intensities  from 
a  plasma  as  a  function  of  cut-off  energy, 
for  four  Be  and  four  Al  foils  of 
different  thicknesses.  The  slope  of  the 
dotted  line  which  fits  the  experimental 
points  is  between  those  for  curves  of 
Te=500eV  and  Te=2keV.  Laser  energy  is  20J 
delivered  in  lOnsec.  [37] 


FIGURE  2 


(keV) 
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Laser  target  interaction  zones:  (1) laser  light 
absorption  zone,  (2) high  density  zone,  (3) undis¬ 
turbed  solid,  (F) electron  density  equals  the 
critical  density,  (S) shock  front  of  the  compres¬ 
sion  wave.  [18] 


FIGURE  3 
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Angstroms 


Graph  for  converting  photon  energies  expressed  in 
Angstroms  into  electron  volts. 

FIGURE  4 
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I(X)  (W/cm-^-A) 


Calculated  features  of  the  radiation  spectrum 
of  a  hydrogen  plasma  contaminated  by  2% 
oxygen.  kTg=170eV,  NQ=10^^cm“^,  Gaunt  factor 
corrections  are  not  included.  (29  ] 


FIGURE  5 
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K-edge  (A) 


Transmission  curve  of  5  and  15  micron  Al  filter. 

as  ] 


FIGURE  6 
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Thickness  (d)  (inches) 


Graph  for  converting  foil  thicknesses  expressed 
in  mg/sqcin  into  inches  for  various  foil  materials. 

[7] 


FIGURE  7 
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XL 


2.54  cm 


Top  view  of  vacuum  chamber. 


FIGURE  8 
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Top  view  of  x-ray  probes  in  relation  to 
the  laser  pulse,  target  and  the  plasma. 
The  laser  pulse  and  probes  are  located  in 
the  horizontal  plane. 


FIGURE  9 
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:-RAY  PROBE  ASSEMBLY 


Two  x-ray  probes  mounted  on  a  5  inch  diameter, 
1/2  inch  thick  Aluminum  plate.  Electrical  con¬ 
nections  through  the  plate  are  made  with  vacuum 
tight  BNC  connectors.  The  plate  forms  a  vacuum 
bulkhead  in  window  5  of  the  chamber. 


FIGURE  11 
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Efficiency  of  the  PIN  Diode  Relative  to  Maximum  Theoretical 


10  10 
X-RAY  Energy  (keV) 


FIGURE  12 
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Thickness 


E 


a.  PIN  diode  energy  level  diagram 


b.  Schematic  diagram  of  the  biasing 

circuit  for  a  single  double  diffused 
PIN  silicon  diode.  \32  ] 


FIGURE  13 
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FIGURE  14 
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Schematic  diagram  of  the  Vacuum  Photodiode 
constructed  at  the  NPS  Plasma  Facility:  (S3) 
screen  at  vacuum  chamber  potential,  (S2)  float¬ 
ing  screen,  (S^)  inner  screen  at  ground  potential, 
(C)  cathode,  (G)  grounded  core  of  the  anode,  (F) 
absorption  foil  window,  (P)  plasma,  (HV)  high 
voltage  lead,  (SIG)  signal  lead.  [16  ] 


FIGURE  15 
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Vacuum  Photodiode  signal:  (a) X-ray  signal 
passing  through  1.83mg/sqcm  Aluminum  foil 
with  a  10. 7J  laser  pulse  and  Aluminum 
target.  (b) Simultaneously  recorded  laser 
pulse . 


FIGURE  16 
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Typical  temperature  data  from  x-ray  probes 
1  and  2:  (a) X-ray  signal  of  probe  1  through 

Aluminum  foil  of  thickness  3.66mg/sqcm 
followed  by  a  delayed  signal  from  probe  2 
through  Aluminum  foil  of  thickness  4.30mg/sqcm 
(b) Simultaneously  recorded  laser  pulse  of  9.0J 
FWHM  25nsec. 


FIGURE  17 
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FIGURE  18 
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Transmission  Ratio 


FIGURE  19 
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Transmission  Ratio 


FIGURE  20 
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Transmission  Ratio 


Laser  energy:  10. OJ 


Aluminum  foils 
(6.97/8.54)  mg/sqcm 


2  3  5  7 

Electron  Temperature  (eV) 


FIGURE  21 
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Transmission  Ratio 
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FIGURE  23 
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Laser  energy:  9 . 3 J 


Aluminum  foils 
(13.94/17.08)  mg/sqcm 


L 


L 


J  I_ l L 


10" 


2  3  5 

Electron  Temperature  (eV) 


10" 


FIGURE  24 
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FIGURE  25 


Transmission  Ratio 


FIGURE  26 
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Transmission  Ratio 


FIGURE  27 
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Transmission  Ratio 


FIGURE  28 
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Transmission  Ratio 
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103 


FIGURE  31 
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Normalized  Transmission  Ratio 


10^ 


10 


10 


10 


Ratio  of  the  integrated 
Bremsstrahlung  emission  transmitted 
through  Beryllium  Absorbing  foilk  to 
the  transmission  through  the  thini^st 
foil  (5 . 80mg/sqcm)  versus  BerylliumV 
foil  thickness  for  various  temperature 
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Thickness  (mg/sq  cm) 

FIGURE  32 
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Electron  Temperature  (eV) 
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Laser  Flux  Density  X  10^^  (W/sq  cm) 


FIGURE  33 
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009 


Laser  Power  Pulse  (mV) 
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Time  in  Nanoseconds  Measured  from  Peak  of  Laser  Pulse 

FIGURE  3i) 


500 


FIGURE  35 
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Background  Pressure  (microns) 


SECTION  A-A 


x-ray  probe  arrangement  for  simultaneous 
Temperature/Magnetic  Field  measurements. 


FIGURE  36 
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